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ABSTRACT
Nanoparticle system research and characterization is the focal point of this
research and dissertation. In the research presented here, magnetite, cobalt, and ferrite
nanoparticle systems have been explored in regard to their magnetocaloric effect (MCE)
properties, as well as for use in polymer composites. Both areas of study have potential
applications across a wide variety of interdisciplinary fields.
Magnetite nanoparticles have been successfully dispersed in a polymer. The
surface chemistry of the magnetic nanoparticle proves critical to obtaining a homogenous
and well separated high density dispersion in PMMA. Theoretical studies found in the
literature have indicated that surface interface energy is a critical component in
dispersion. Oleic acid is used to alter the surface of magnetite nanoparticles and
successfully achieve good dispersion in a PMMA thin film. Polypyrrole is then coated
onto the PMMA composite layer. The bilayer is characterized using cross-sectional TEM,
cross-sectional SEM, magnetic characterization, and low frequency conductivity. The
results show that the superparmagnetic properties of the as synthesized particles are
maintained in the composite.
With further study of the properties of these nanoparticles for real and functional
uses, MCE is studied on a variety of magnetic nanoparticle systems. Magnetite,
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manganese zinc ferrite, and cobalt ferrite systems show significant broadening of the
MCE and the ability to tune the peak temperature of MCE by varying the size of the
nanoparticles. Four distinct systems are studied including cobalt, cobalt core silver shell
nanoparticles, nickel ferrite, and ball milled zinc ferrite. The results demonstrate the
importance of surface characteristics on MCE. Surface spin disorder appears to have a
large influence on the low temperature magnetic and magnetocalorie characteristics of
these nanoparticle systems.

x

1 CHAPTER 1: INTRODUCTION
1.1 Overview and Motivation
There are many applied uses for magnetic nanoparticles and structures. At the
forefront of the need for magnetic nanostructure and nanotechnology expansion is hard
drive technology, in which the limits of the current techniques are being rapidly
approached. Such tangible need and research interest is driving entirely new approaches
to the field, which is encouraging academic and industrial study in the field of magnetic
storage technologies including the topics of perpendicular storage and patterned magnetic
media. This can be seen by new patents being awarded [1] and a surge in research in large
organizations.
It may be possible to make advanced structures using magnetic nanoparticles. If
making miniature, complex magnetic and functional nanoparticles is a real possibility,
this could significantly aide many fields in new developments, and be used to improve
upon countless existing technologies. In my research I investigated the possibility of
creating such magnetic nanostructures and studied their properties.
It may also be possible for magnetic materials to be used in electromagnetic
interference (EMI) suppression. It is the current standard to use compressed ferrite
toroidal rings to aid in the suppression of high frequencies, the frequencies that can
1

interfere with devices such as high speed communication lines. For instance, Universal
Serial Bus types (USB) will often have a ferrite ring around the cable at each end. This
ring will suppress any spurious high frequency noise by increasing the inductance of the
cable.
Phase shifter manufacture is yet another possible application of this research. A
phase shifter is a device that shifts the phase of the electromagnetic radiation passing
through it. This is done by controlling the speed at which the waves pass through the
material.
Phase shifters are used for many applications including: phased array antenna,
line stretchers, microwave circulators, microwave isolators, and frequency translators. A
useful phase shifter will ideally have control capabilities that are driven externally by
electric, magnetic or mechanical means. Electric and magnetic methods are typically
chosen over mechanical solutions. This is in part because electric and magnetic control
means are simpler systems to build. This simplicity coupled with fast response and time
control make these methods the best choice for most uses.
Magnetic materials and their interaction with light are the basis for Faraday
rotators, another area of interest. Faraday rotators are which are commonly used to make
optical isolators. This has use in many applications in lasers and optical systems.
These nanoparticle systems are also explored for their application and use in the
area of the magnetocaloric effect (MCE). MCE is applicable in refrigeration and other
areas. Nanoparticle systems may display properties unique to their size in MCE.

2

1.2 Outline of the Dissertation
This dissertation is presented as a guide to the study of several nanoparticle
systems in the research areas of magnetic nanoparticles and the magnetocaloric effect.
This document is designed with a bottom up approach, focusing first on building the
background necessary for subsequent sections. We will begin with an introduction into
the fundamental physics of magnetic nanoparticles including scaling, limits, domains and
other relevant areas. In chapter three we discuss the techniques used for the manufacture
of magnetic nanoparticles. This chapter appropriately addresses surfactants, specific
synthesis techniques including ball milling and reverse micelle formation, along with
information on size selection techniques. Chapter four details the equipment, background
information, and techniques of and about the measurement and characterization of this
research. Chapters five and six begin the presentation of research findings on polymer
nanoparticle composites with further description of synthesis and metrics. This section
also includes our findings on superparamagnetic polymers and the use of the bilayer.
Chapter seven begins the review of the above nanoparticle materials being further
studied in the context of the magnetocaloric effect (MCE). Chapter seven discusses the
history and science of MCE as well as measurement techniques. Chapter 8 reviews MCE
related findings in multiple ferrite nanoparticle systems. Chapter nine discusses
interesting surface effects seen in this research, and chapter ten provides summary and
future implications.

3

2 CHAPTER 2: MAGNETIC NANOPARTICLES:
FUNDAMENTALS AND APPLICATIONS
2.1 General changes as a function of scaling
Nanostructures and systems are of great interest beyond the simple scaling down
of larger systems. Although it is useful to create smaller versions of large systems that do
the same work, like smaller hard drives, it is not the sole motivation for nano research. A
primary motivation is the fact that nano scale systems have entirely different, and often
very useful properties that are not present in larger scale systems. There are several
reasons why this is the case.

2.1.1 Surface area to volume increases
When an object is scaled, the volume changes by the said scale cubed, and the
surface area changes by that scale squared. This means that the surface area to volume
ratio increases by the scaling factor as the system scales down. For example, if a catalyst
of platinum spheres with a radius of 1mm is scaled down by a factor of 1 million,
therefore becoming 1 nanometer radius spheres, this would increase the surface area to
volume ratio by a factor of 10^6. That means 1 million times less platinum would be
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required to achieve the same total surface area in the nano scale platinum than in it's
larger counterpart system. This represents a considerable resource savings.
As a great deal of interesting and relevant physics occurs at surface level, greatly
increasing surface area can produce some very interesting results. An example provided
by nature is the gecko’s ability to stick to surfaces without the use of conventional
adhesive. Electron microscope studies have shown that the feet of the gecko have
millions of tiny hairs protruding from them creating greatly larger surface area than a
simple smooth foot could have. This great increase in the surface area allows the gecko’s
feet to adhere to surfaces through Van der Waals bonding over this huge surface area [2].

2.1.2 Surface curvature physics
There are also effects that occur for reasons other than strict scaling law effects
mentioned. For example, as a spherical particle gets increasingly smaller, the curvature of
the surface increases. This is notable because surface curvature can affect certain types of
physical interactions. Sometimes faceting at polyhedral surfaces also tends to become
important dependent on the termination of the crystal plane at the surface.
Some catalysts can be optimized by making them on the nano scale. There are
definite size ranges that optimize certain catalysts. There are some extreme cases where a
catalyst is only effective within a certain size range [3]. This effect is not strictly a
nanoscale effect but a conformal effect where the surface curvature is the key to the
result. A study recently showed that gold particles within a certain size range would
disrupt cell membranes and cause cytotoxicity [4]. Even the mechanism of cell death was
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very sensitive to size, with 1.4 nm particles causing rapid necrosis and 1.2 nm triggering
the programmed cell death, apoptosis.

2.1.3 Particle size approaching characteristic length scales
There are many useful physical characteristics of scales that emerge at the sub
micron scale. As the size of the structures comes close to and below these characteristic
lengths, the physics changes. A few examples of the difficulties inherent in studying
systems at these scales are domain size, exchange length, mean free electron path,
coherence length and wavelength of visible light.

2.2 Magnetism in nanoparticles
2.2.1 Origins of domains
To understand magnetism in a bulk sample of a magnetic material, several forces,
and the mechanisms in which they find balance, need to be understood. First are the
atomic origins of magnetism. The electrons in an atom can have both spin and orbital
angular momentum. From the study of electricity and magnetism we know that a charge
with angular momentum generates a magnetic field. This means that both the electron’s
spin and orbital angular momentum can produce magnetic fields at the atomic level.
Studying the individual atom, we see that many have an equal number of up and down
electron spins, and that their orbitals are configured in such a way as to have a total of
zero angular momentum. This causes the net magnetic field produced to be zero.
However, a large number of atoms on the periodic table do not produce this canceling
6

effect and have a net magnetic field or magnetic moment. So, why does it seem like there
are so few magnetic materials? The answer to this is exchange coupling. In a great
number of magnetic materials, random thermal agitation or the specific coupling between
atoms causes their magnetic moments to point in a way that cancels out the magnetic
moments of the surrounding atoms. It is seen in some materials however, that the
exchange coupling is such that the nearby atoms align their magnetic moment with each
other creating a large net magnetic field. In these systems we might expect the entire
material to spontaneously align all magnetic moments and become a completely saturated
magnet, as each atom affects adjacent atoms throughout the system. Generally this is not
seen because the magnetostatic energy is proportional to the total magnetic moments that
have aligned. The magnetostatic energy is reduced by aligning the fields in a way that
causes the stray fields produced to be minimized, and a balance is created between these
two competing forces. Magnetostatic energy is given in equation 1
1
E= μ 0∫ M⋅H ms d 3 r
2

(1)

where E is the energy, M is the magnetization, Hms is the demagnetizing field, and
μ0 is the permeability of free space. The ferromagnetic exchange force pushes each
atomic magnetic moment to align with it neighbors, but the magnetostatic force compels
them to align anti-parallel.
On the small scale, the exchange energy is much greater than the magnetostatic
energy, but as the number of aligned moments increase, so does the magnetostatic energy
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increase until it is the dominant force. The result is that there is alignment between
magnetic moments in small sections called domains, but the domains do not necessarily
align with neighboring domains. There are also anisotropy energies which play a role in
the size and shape of the domains formed. The domain size is determined by exactly how
these forces balance.

2.2.2 Coercivity and the single domain limit
Domain wall movement is the primary mechanism through which the overall
magnetization changes. As a result, as a bulk material is made smaller its coercivity
increases due to the domains not being able to subdivide into as many smaller units. This
trend continues until a critical size is reached. At this critical size the particle can only be
single domain because the energy cost of forming a domain wall exceeds the reduction in
magnetostatic energy. This is known as the single domain limit. For spherical particles
this equation is:

R sd=

where

MS

9 Eσ
μ0 M 2s

(2)

is the saturation magnetization and Eσ is the total domain wall energy,

per unit area. It is near the single domain size limit that coercivity is at a maximum. There
are no domain walls to assist with magnetization direction switching. As such,particles
below this size must be single domain.
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2.2.3 Superparamagentic limit
As the particle size continues to decrease the coercivity also declines. This is due
to the fact that there are physically fewer spins in the particle that need to be rotated,
thereby requiring less energy. At the decrease continues, the energy required to switch the
particle magnetic moment approaches the ambient thermal energy. This causes the
particle to randomly and spontaneously switch magnetization orientation as a result of
ambient thermal fluctuations. The particle effectively has zero coercivity. This is known
as superparamagnetism as it closely resembles paramagnetism, however the fluctuations
are of a “super spin” type instead of the single atomic spins found in paramagnetism.
Néel derived that the particles approach equilibrium with a characteristic relaxation time
given by:

1
τ = f 0e

−K U v
KBT

(3)

Where τ is the relaxation time, f0 is fa requency factor (109 sec-1), KU is the
anisotropy constant, v is particle volume, KB is the Boltzmann’s constant, and T is
absolute temperature [5]. This progression from large to small is graphically depicted in
figure 1. In this figure MD means multidomain, SD, single domain, PSD pseudo single
domain, d0 is the diameter below which particles must be single domain, dS is the
diameter below which the particle is superparamagnetic (SPM) at room temperature.
Since blocking temperature is an exponential, we can define it for a given time
and particle volume, where that time is equal to τ. We could also use a given temperature
and time to define a blocking volume or a critical radius for superparamagnetism. It is
9

important to note that no definition of superparamagnetic limit size can be defined
without choosing a time scale.

Figure 1: Particle size vs coercivity showing onset of superparamagnetism.

[5]
The property of superparamagnetism is achievable at room temperature in
nanoparticle systems with diameters in the range of 10 to 100 nm, for relaxation times on
the order of milliseconds. This is highly attainable in laboratory settings and the ability to
produce a system with zero coercivity has many possible applications. However, in some
cases the superparamagnetic limit represents a difficulty, as in making hard drives. As the
size of a bit stored on the surface of a magnetic material gets smaller, the
superparamagnetic limit is approached. If the bit has no coercivity, then its direction of
magnetization flips randomly and with no external energy input. This makes it unsuitable
for data storage.
10

2.2.4 Anisotropy and changes at nano level
As the particle size decreases, shape anisotropy becomes a dominating factor over
other contributions to anisotropy. This makes the specifics of the shape of the particle
very critical at the nano scale. Significant shape anisotropy can be created by having any
physical dimension sufficiently different from the other two, for example a needle like
particle. Exploitation of the shape anisotropy term to increase coercivity and to avoid
superparamagnetism is the concept behind perpendicular recording for hard drives. This
has allowed a large increase in the surface density of data storage [6].
Another significant change to anisotropy is the introduction of a surface
anisotropy term. The spins on the surface have changes to their electronic structure as a
result of being isolated from neighboring atoms, and so they do not have the same bulk
magnetic anisotropy terms as the rest of the particle. In fact, calculations and simulations
have shown that there is significant surface spin canting and surface spin disorder leading
to behavior similar to a spin glass [5]. As a result, the surface anisotropy term is no longer
negligible with magnetic nanoparticles and any serious study of them will require
consideration of this term when analyzing total anisotropy of the equation.

2.2.5 Snoek's law
Many of the applications for magnetic materials involve high frequencies. For
these applications it is useful to understand and refer to Snoek’s law. Snoek’s law, also
called Snoek’s limit, given in equation 5, is defined by the product of the angular
resonance frequency, ω, and the real part of permeability, μ’ for systems with cubic
11

anisotropy. It defines an envelope on a plot of real permeability versus frequency, which
dictates the maximum achievable permeability for a given frequency. Recall that the
angular resonance frequency is a function of the applied field by:
ω=γ  H AH 0 

(4)

Where γ is the gyromagnetic ratio and HA is the field equivalent of anisotropy. It
would at first appear that the anisotropy should play a role in the determination of
Snoek’s limit but through some derivations it can be shown that anisotropy factors out
and the equation becomes:

ωμ ' =

2γM S
3

(5)

Where MS is the saturation magnetization. So from equation (4) we can see that
an applied field will increase the angular resonance frequency, and from equation (5) we
see that this means the real part of permeability must decrease since the product is a
constant. The frequency response is flat up to the resonance frequency and the
permeability is roughly constant, and then drops off rapidly for frequencies beyond the
resonance frequency. Figure 2 shows the idealized permeability of a material as a
function of the frequency of the probing field. The dashed line in the image represents the
envelope representing Snoek's limit [7][8].
Many of these properties are the subject of current industrial and academic study
and in many circumstances, as shown above, have properties greatly differing from the
bulk properties of the materials from which they are composed [9].

12

Figure 2: Theoretical real permeability vs frequency showing Snoek's limit

[8]

2.3 Applications
The goal of my research was to create a composite material with magnetic
properties that could be easily controlled during synthesis. The composite should also be
lightweight and easy to process. These requirements make such materials, and processes,
highly applicable in current and future technology across many disciplines.
One approach used in this research was to make a high density suspension of
magnetic nanoparticles in a polymer solution such as poly(methyl methacrylate)
(PMMA), and then spin coat the mixture onto a suitable substrate. This produced a
uniformly thick film of the particles and polymer on the substrate. The polymer could
then be removed at select positions to form a desired structure. PMMA is a polymer
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compound used as a photoresist in current semiconductor processing [10]. When PPMA
is used as the polymer in which the particles are suspended, then conventional photo
lithography techniques can be used to produce patterns of any complexity.
One of the ideas the research presented here has investigated is synthesizing a
material that could be applied to an entire device, enclosing it in a highly permeable
material that suppresses electromagnetic interference at all points along the device. If this
technology was applied to a circuit board, the entire board could have the material
applied to it, as compared to the current practice of small area application only.
Alternately, a box constructed of ferrite material can be used to encase the circuit, but this
is a bulky solution, adding a significant amount of weight to the product. This solution
also requires a new mechanical design for circuit boards of varying dimensions that are
not able to fit in the same shaped ferrite box. In addition to these undesirable
requirements, this does not adequately shield parts of the board from the EMI produced
by adjacent areas, as they are both in the same volume with in the magnetic shield.
Instead, a liquid could be applied to the board and then hardened, form fitting it onto the
circuit board. This could be a much more effective method for shielding each individual
part. This would have the added benefit of a negligible increase in the size and mass of
the end product and could be easily applied to boards of varying sizes without the
resource loss of previously mentioned techniques. Ease of production and very low
production costs would be some of the main advantages of this technique. The magnetic
composite should ideally be non-conductive since it is being applied directly to the board,
however, layering over the non-conductive material with several conducting polymers
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could be used to further suppress EMI and electrostatic phenomenon. The conducting
polymer could be added as a second layer on top of the PMMA composite layer, or used
as a solution in which to suspend the particles directly. In my research I examined both of
these possibilities.

2.4 Conclusions
From the discussions above we can see that general scaling laws, and their
application to the nanoscale, present both significant challenges and great opportunity.
The relative challenges come from the industrial and research arena drive to create
smaller devices with the same properties as their bulk counterparts. This is often a
significant challenge because “the same but smaller” is typically not possible as the
properties of materials change as a function of scale. This is especially true of magnetism
and magnetic materials. An example of a very real challenge is to increase the density of
magnetic storage. Using the current techniques on a smaller scale is not successful
because the scaling caused smaller particles to have lower coercivity. The eventual
solution was to completely alter the way magnetic data was stored in this application.
This property of lower coercivity is a perfect example of a behavior that can be both a
challenge and benefit, depending on the application and need. The lower coercivity of
magnetic nanoparticles gives great potential for high frequency applications where
hysteresis losses dominate. The promise of the properties of manipulation offered by
nanoscale research is driving the current research surge.
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3 CHAPTER 3: TECHNIQUES FOR MANUFACTURING
NANOPARTICLES
This chapter discusses the detailed procedures and explanations for techniques
used to synthesize nanoparticle systems. The later chapters will refer back to this chapter
as reference.

3.1 Brief introduction to surfactants
Many of the methods described below make use of surfactants. Surfactant is a
term derived from the phrase “surface acting agent.” Surfactants are typically organic
compounds that have both hydrophobic and hydrophilic areas. A molecule possessing
both of these parts is called amphiphilic, “both loving.” The hydrophobic part is often
referred to as lipophilic, or “fat loving,” as well. This hydrophobic area is typically a long
chain, or tail of nearly saturated or fully saturated hydrocarbon. The hydrophilic section,
the head, is typically a highly polar section or an easily ionized group attached to the
hydrocarbon tail. If the head group forms a positive ion in a solution it is referred to as a
cationic surfactant, and in the case of forming a negative ion it is called an anionic
surfactant. In the case of a surfactant that has two oppositely charged groups, making it
electrically neutral, we call it a zwitterion [11]. Because this molecule possesses both
hydrophilic and hydrophobic parts, it is soluble in both polar and non polar solvents[12].
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3.1.1 Self assembled structures of interest
When an amphiphilic compound is dissolved into a solution it can form a micelle,
reverse micelle, inverse micelle, or vesicle, depending on whether the solvent is polar or
non polar. The micelle is formed when the amphiphilic compound is dissolved in water or
any other polar solvent. The nonpolar tails minimize energy by attracting each other and
being in contact with as little polar solvent as possible. The result is a spherical object
where many molecules join together with the polar heads on the outside of the sphere and
the non polar tails inside the sphere. The polar solvent is excluded from the inside of the
micelle.

Figure 3: A micelle
Otherwise, if the amphiphilic molecule is dissolved into a non polar solution, the
opposite formation then occurs. The polar head groups attract each other to minimize
contact with the non polar solvent, and the non polar tails point outward from the sphere.
This property allows the molecules to act as emulsifiers. They can allow two liquids
which would normally be insoluble to dissolve in each other. This is done by
incorporating one of the liquids into the center of the micelle or inverse micelle. In the
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case of a micelle formed in water, the non polar tails in the center will allow an oil or
other non polar liquid to be trapped. The result is that the structure then moves around as
one unit in the solvent phase. The shape in figure 4 is called the reverse micelle or inverse
micelle.

Figure 4: A reverse micelle

A vesicle is a bilayer forming an enclosed sphere. In this structure the inside and
outside of the sphere contain the solvent. In the case of water as a solvent, the
hydrophobic heads will form the inside and outside of the sphere, allowing the water to
remain in the center of the structure.
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Figure 5: A vesicle
[13]
The formation of any of these structures occurs spontaneously and is the result of
a tradeoff between entropy and enthalpy. As with many self assembled systems, the
conditions are very sensitive and therefore the phase diagrams can be quite complex.
There are in fact many more phases possible in these systems and a more detailed
explanation can be found in the work of Kaler, et al. [14].
Many chemical synthesis techniques use surfactants to control the rate of growth
or to directly control the final size of the nanoparticles [15][16]. In some cases, once the
synthesis has been completed, the surfactants are no longer needed and are removed. This
can sometimes be accomplished by a solvent washing procedure or by heat treating the
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nanoparticles and burning off the surfactants. However, in some applications the
surfactant has a very useful function after the nanoparticle synthesis has completed and
steps are taken to ensure its survival throughout and beyond the initial synthesis. One
example of a useful function for a surfactant coating is simply preventing the particles
from agglomerating while in storage by simple steric repulsion. Oleic acid, mentioned
below in section 3.1.2 is commonly used for this purpose.

3.1.2 Oleic acid
Oleic acid is a monounsaturated omega-9 fatty acid whose saturated form is steric
acid. It is a naturally occurring compound found in various animal and vegetable sources.
Oleic acid is frequently used in soaps. Oleic acid is also used in pharmaceutical
applications and is being investigated for it's potentially positive health affects [17][18].
Oleic Acid has a molar weight of 282.461 grams per mole. This fatty acid has a specific gravity of
0.895 and a melting and boiling point of 15.3 and 360 C, respectively [19].

Figure 6: Oleic acid
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3.1.3 Oleylamine
The oleic acid amine variant is oleylame. This molecule has a long hydrocarbon
tail like oleic acid but with an amine group structure in place of a carboxyl group.
Oleylamine is a co-surfactant and acted with oleic acid to coat the particles in this
research. Oleylame has a molecular weight of 267.493 grams per mole, and a specific
gravity of 9.22. The boiling point of oleylamine is 348-350 C melting point of 17-27 C.
Oleylamine is used in a variety of settings including research, industry, and in common
household items. [20]

Figure 7: Oleylamine

3.1.4 Sodium dodecyl sulphate (SDS)
SDS is also known as sodium lauryl sulfate (SLS) but in this text the SDS
convention is used. NaC12H25SO4 is an anionic surfactant which has a 12 carbon long
hydrocarbon chain and a sulfate group. The sodium ion readily disassociates from the
molecule in water. SDS has a molar weight of 288.379 grams per mole and specific
gravity of 1.05. The melting point for SDS is 204-207 C. SDS is frequently used in
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cleaning products because it is a good detergent and easily derived from inexpensive
materials [21]

Figure 8: Sodium dodecyl sulphate

3.1.5 Dioctyl sodium sulfosuccinate (AOT)
Sodium 1,4-bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate also known as
dioctyl sodium sulfosuccinate and AOT is an anionic surfactant with 20 carbons in 2
distinct chains attached to a sulfate group. The sodium ion readily disassociates from the
rest of the molecule in water. This surfactant was made publicly famous when it was
revealed as the secret ingredient in the dispersant called corexit in the Deepwater oil spill
[22].

Figure 9: Dioctyl sodium sulfosuccinate (AOT)
[23]

3.2 Chemical coprecipitation
To synthesize Fe3O4 nanoparticles, we followed the chemical coprecipitation
technique described in [24]. This chemical route was chosen because it is one of the
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easiest and cheapest methods for making large quantities of good quality magnetite
nanoparticles. Ferrous chloride (0.4 g) and ferric chloride (1.1 g) were added to deionized
water (20 mL) and heated to 80 °C under argon in a three-necked, round-bottomed flask,
while magnetically stirring the mixture. Ammonium hydroxide solution (5 mL; 28%) was
injected into the solution, this causes reduction of the iron ions and nucleation begins. It
was heated for 1 hour. During this time Ostwald ripening occurs where larger
nanoparticles grow at the expense of smaller ones. The amount of time that this process is
allowed to run determines the final average particle radius. Given by the diffusion limited
equation:

〈 R〉3 −〈 R〉30 =

8  c∞ v2 D
t
9 Rg T

(6)

〈 R〉 =average radius of particles, γ is surface energy, c ∞ is the solubility of the
particle material, v is the molar volume, D is the diffusion coefficient, Rg is the gas
constant, T is the absolute temperature, and t is time.
It is also by this process that the size distribution is controlled [25][26][27]. Oleic
acid (1.8 g) was added to the solution, which is very basic as a result of the ammonium
hydroxide that was added in a previous step.
Oleic acid in the presence of a base becomes the oleate ion. The oleate ion
covalently bonds with the surface of the nanoparticles. The entire solution is neutralized
with HCl causing the oleate ions to revert back to oleic acid. Since the oleic acid forms a
covalent bond to the nanoparticle it is quite robust and can not simply desorb off the
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surface. As a result of the oleic acid functionalization, the nanoparticles are hydrophobic;
they will form a pasty black precipitant at the bottom of the flask. The oleic acid
functionalized Fe3O4 nanoparticles were magnetically decanted and washed three times
with deionized water; this is done to remove any remaining water soluble salts and excess
oleic acid. At this point the pasty black solution is dissolved in hexane. The nanoparticles
will suspend because the surface is encased in surfactant with non polar tails protruding
outward as in figure 10. This allows the solution of hexane with suspended nanoparticles
to be stored as a stable ferrofluid. All remaining traces of water will separate and sink to
the bottom of the hexane solution. The solution is decanted leaving behind the last traces
of water.

Figure 10: A filled micelle
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3.3 Thermal decomposition of organometalics
To synthesize CoFe2O4 nanoparticles and NiFe2O4 nanoparticles the method used
was that developed by Song and Zhang [28].Song and Zhang reported a very good size
distribution and easy control over final size of the nanoparticles. To complete this
procedure, a mixture of cobalt (II) acetylacetonate ,or in the case of NiFe2O4 nickel
acetylacetonate, phenyl ether, 1,2-hexadecanediol, oleic acid and oleylamine (1-Amino-9octadecene) were mixed and heated to 156 C.
All of the components were first fully dissolved into the phenyl ether. Iron (III)
acetylacetonate was then dissolved into phenyl ether and added to the solution. It was
then heated to reflux, which occurs at approximately 260 °C, for 1 hour and then allowed
to cool. Then the particles are precipitated with addition of excess ethanol and
centrifugation. They were then washed several times using deionized water and magnetic
decantation. After that, particles were dried and used in powder form for magnetic
measurements, or suspended in hexane for further size selection, which is described in
section 3.7 Size selection techniques.
The basic principle behind this technique is that the organometallics agents are
decomposed under high temperatures in a high boiling point solvent, in this case phenyl
ether. The resulting complexes are then able to begin forming the nanoparticles. A
surfactant is used to help regulate the reaction and keeps the forming particles stable
during the reaction. In this reaction the mixture of oleic acid and oleylamine served as the
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primary surfactants with the 1,2-hexadecanediol acting as a cosurfactant. The resulting
particles are already functionalized with the surfactants.

3.4 Reverse micelle synthesis
The basic principal is that by mixing a small amount of water in a larger amount
of oil, the water will phase separate into small isolated droplets. The addition of a
surfactant such as AOT causes the formation of reverse micelles. The water filled reverse
micelles are stable structures in size and shape. The size of the reverse micelle is
determined by the ratio of oil to water and surfactant. Two separate solutions were made,
one containing the metallic salt dissolved in water and one containing the reducing agent
dissolved in water. Each of the solutions are made into a reverse micelle solution with the
chemical dissolved in the water at the center of the reverse micelles. The separate
solutions are then mixed. When the solutions are mixed the reverse micelles randomly
collide. If two reverse micelles from the same solution collide they merge, then later
separate to return to the equilibrium size of the reverse micelles. If two from different
solutions collide, the chemicals mix and begin to react. The reaction forms the
nanoparticle. The size of the reverse micelle guides the size of the final nanoparticles. In
this sense the reverse micelles act as microreactors.
Monodisperse manganese zinc ferrite (MZFO) nanoparticles were synthesized by
our collaborators at the U.S. Naval Research Laboratory [29]. Stock solutions of 0.5 M
dioctyl sodium sulfosuccinate (otherwise known as docusate sodium, DSS, Aerosol OT,
AOT), see figure 9 in section 3.1.5 Dioctyl sodium sulfosuccinate (AOT), were prepared
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in 2,2,4-trimethylpentane isooctane[29]. To form manganese zinc ferrite, the metal salt
solution was made of three different metal salts in the proper stoichiometry ratios, 0.045
M FeCl2 , 0.0176 M MnCl2 , and 0.0176 M ZnCl2. The second solution was ammonium
hydroxide. The reaction was allowed to continue for 2 hours, at which point particle
flocculation was induced by adding excess methanol. After the precipitate was settled,
there were several washing steps involving water and methanol to remove excess
surfactant and any unused salts. The material was dried in a vacuum and then annealed at
525 °C for 5 hours under flowing nitrogen.

3.5 Method for the synthesis of core shell nanoparticles
Synthesis of monodisperse Co nanoparticles was done by Pankaj Poddar, et al. in
the Nanoscience Group, Materials Chemistry Division, National Chemical Laboratory, in
Pune, India. It was performed by using a simple, aqueous medium based wet chemical
techniques at an ambient temperature with optimized concentration of a mixture of
surfactants sodium dodecyl sulphate (SDS) and oleic acid.
The Co2+ ions were reduced by 0.05% of NaBH4. Based on the observations made
with various concentration ratios of sodium dodecyl sulfate (SDS) and oleic acid, it is
suggested that the formation of vesicles plays a crucial role in the formation and stability
of these nanoparticulate systems. A full explanation of the synthesis details is presented
elsewhere [30].
The CoCoreAgShell particles were synthesized to study the nature of surface effects
on MCE. They were synthesized by beginning with the cobalt nanoparticles and replacing
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the surface layers of Co with Ag using the transmetallation reaction. In this reaction one
Co2+ ion is replaced by 2 Ag+ ions. The details of the principle behind Co-Ag
transmetallation reactions are available elsewhere [31].

3.6 Ball milling of the Zinc ferrite
Zinc ferrite was produced by our collaborators N. Kislov and S. S. Srinivasan of
the Clean Energy Research Center, College of Engineering, University of South Florida
and Y. Emirov of the Nanotechnology Research and Education Center (NREC) College
of Engineering, University of South Florida. The process is started with ZnFe2O4 (99.9%
purity; initial grain size ~200nm) purchased from Alfa Aesar, USA and used without
further purification. Dry and wet milling of this commercial ZnFe2O4 (3.2 g ) was
prepared using a Fritsch Pulverisette, P6 high energy planetary mono mill. For the wet
ball milling, appropriate amount of deionized H2O (~1.5 ml) was mixed with ZnFe2O4
inside the ball mill container. The milling parameters of ball to powder weight ratio and
milling speed were optimized to 20:1 and 300 rpm, respectively. Finally, ball milled
ZnFe2O4 (both dry and wet) powders were collected and dried for further characterization
measurements.
High energy ball milling causes constant breaking and re-fusion of particles. This
re-fusion process has been used by many researchers to mechanically alloy compounds in
powder form. The alloying relies on the particles re-fusing and partially mixing atoms at
the interfaces. Once a large enough agglomeration has formed, it shatters and creates new
interfaces. The stable equilibrium size is determined by the balance between this re-
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fusion and breaking process. Once this equilibrium size has been reached, further ball
milling can not produce any further reduction in size [32].

3.7 Size selection techniques
Size selection of nanoparticles, beyond what control the synthesis techniques
give, was carried out using an Eppendorf 5804 ultracentrifuge. To accomplish this, 30
vol-% acetone is added to the hexane based ferrofluid and centrifuged at a few thousand
rotations per minute (rpm). The precipitant at the bottom is composed of the largest
particles in the sample. The liquid is then decanted and the precipitate is kept as a sample
representing the largest particles. The supernatant is then spun at slightly higher rpms.
The particles at the bottom are then smaller than the previous step but are still not the
smallest in the solution. The precipitate is kept, representing the next larger sizes of the
original solution. This can be repeated at increasingly higher rpms until the decant is
clear. A histogram of the particle sizes was produced by looking at the transmission
electron micrograph (TEM) images using a Philips CM-10 TEM microscope operating at
60 keV. The particles suspended in hexane were drop-cast on a Formvar coated Copper
TEM grid. The hexane evaporates and leaves behind a sparse monolayer of particles. By
measuring a large sampling of particle diameters a histogram can be generated. Figure 11
shows the histogram of the particle's diameter. It shows that they are polydisperse. Most
of the particles lie in the 5 to 15 nm range with some going up to 23 nm. After the first
pass of centrifuging, the TEM image showed that the number of particles above 15 nm
has been reduced. Figure 12 shows the histogram for the size selected particles.
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Figure 11: Histogram of as made particle diameters

Figure 12: Histogram of particle diameter after first pass size selection

3.8 Conclusions
We have a variety of techniques at our disposal which allow us to create
nanoparticles of varying size and composition. Ranging from the cheap, fast, and easy
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chemical coprecipitation method to make magnetite, to a reverse micelle technique
allowing for tight control of size. The technique of transmetalation allows us to remove
some surface layers of a metal particle, and replace them with a different metal. This is
done to study surface effects on the magnetic properties of the particles. To further study
surface effects, we have a very simple mechanical milling technique which both reduces
the size of the starting powder and creates surface entropy. This toolkit of techniques give
us the ability to study a wide variety of systems.
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4 CHAPTER 4: CHARACTERIZATION TECHNIQUES
4.1 X-ray diffraction
The term x-ray diffraction (XRD) is a bit generic as there are several forms of
XRD. Single crystal, powder, thin film, reflexivity, and X-ray rocking curve analysis are
some examples of types of XRD. Since all the nanoparticle samples synthesized in this
research are in powder form, the technique employed is powdered XRD.
Powder XRD must be used with either multicrystalline samples or a sample which
has been ground to a fine powder. This allows all of the possible crystal orientations to be
accessed simultaneously. In the case of nanoparticles there is no need to further powder
the samples since they are already in a fine power form. There is no reason to believe that
there is any correlation of the crystallographic orientation from particle to particle in a
pressed nanoparticle sample. This means that XRD is a valid method for determining the
degree of crystallinity of a sample as well as what crystal structures exist. The spacing of
the various peaks also gives the information for determining the crystal structure lattice
parameters.
Powder XRD is also useful in determining average crystallite size. In the infinite
crystal approximation and monochromatic x-ray approximation the peaks would be
infinitely narrow. When the diffraction equations are solved using a finite size crystal, the
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peaks are broadened. The smaller the crystal, the broader the peaks become. This relation
is given by the Scherrer Equation.

=

K
 cos 

(7)

where K is the shape factor, λ is the x-ray wavelength, β is the line broadening at
half the maximum intensity (FWHM) in radians, and θ is the Bragg angle, τ is the mean
size of the ordered (crystalline) domains, The dimensionless shape factor has a typical
value of about 0.9, but varies with the actual shape of the crystallite[33].
In our experimental setup, the Scherrer equation is only useful for particles below
approximately 100 nm in size, due to instrument resolution limits.
In the case of nanoparticles, the Scherrer equation can be used along with direct
TEM measurements to determine if the particle is fully crystalline. For example, if the
TEM measurements indicate the particles are 20 nm in size but the XRD indicates that
they are 10 nm in size, then we can determine that the particles are either multicrystalline
or have significant amorphous region.
For X-ray diffraction measurements, the hexane was evaporated from the
ferrofluid, leaving the dry nanoparticulate residue in powder form. The dry powder is
then placed in a powder holder designed for use in the Philips PW2-4 Pro powder X-ray
diffractometer. All powder XRD measurements were done using this instrument with a
copper Kα source tube which has a wavelength of approximately 1.54 angstroms.
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4.2 Scanning electron microscopy
The scanning electron microscope (SEM) scans a focused beam of electrons over
the sample and measures the number of electrons removed from the sample. The removal
of electrons is the result of secondary electron generation, a process in which the primary
high energy electron beam knocks multiple lower energy electrons from atoms in a
sample. The nature of this measurement makes it only useful for surface scans. The depth
from which secondary electrons can be generated, R, is a function of the primary
electrons beam's energy E, the atomic weight, A, the atomic number, Z, and the density of
the sample, p, as given by the Kanaya Okayama equation:

R=

0.276∗A∗E 1.67
0.89
Z ∗p

(8)

Typically penetration depths are on the order of a few microns to less than a half
micron. The sample typically has to be coated by gold and well grounded to prevent
charging the material.
Resolutions of SEM are typically in the low tens of nanometers, however high
resolution SEM can resolve to 1 nm. This makes them not particularity suitable for small
nanoparticle analysis. One of the primary advantages of a SEM is the ability to
investigate thick samples. This is in contrast to the TEM, which requires electrons to
completely pass through the sample and therefore requires a relatively thin sample.
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4.3 Transmission electron microscopy
Transmission electron microscope (TEM) creates a beam of tightly controlled
electrons and passes it through the sample projecting an image to an image plane. The
image can then be viewed in real time with the aid of a phosphorescent screen. The
electrons excite the phosphors and create a visible image on the screen. To record the
image, the phosphorescent screen is removed and an appropriate piece of photographic
film is put in its place. The energy of the electrons expose the film in much the same way
that light does for conventional photography. Specially coated digital cameras can also be
employed to capture the images.
The primary form of TEM measurement is bright field imaging. In bright field
imaging the contrast is produced by direct occlusion of the electron beam, either by
absorption or by scattering. The resulting image is a projection of electron transparency.
Samples are typically prepared from a dilute solution of nanoparticles in
suspension. A drop of the solution is put on the TEM sample holder and allowed to
evaporate. The desired result is a single layer of nanoparticles. This is useful as a direct
measurement of the nanoparticles size and shapes. The TEM used in my research was a
Philips CM-10 TEM microscope operating at 60 keV. Measurements from a calibrated
TEM are the primary method for determining particle size statistics.
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4.4 Magnetic measurements
All magnetic measurements were taken using a Physical Property Measurement
System (PPMS) from Quantum Design (San Diego, CA). The system used for my
research has temperature capabilities of 2 K-350 K and uses a liquid helium cooled
superconducting magnet that can attain magnetic fields of up to 7 Tesla.
Magnetization vs. Magnetic Field (M–H) measurements were done at 300 and 10
K with the magnetic field swept back and forth between 30 and –30 kOe (1 Oe= 79.577
Am–1).

4.4.1 Magnetization versus magnetic field
Below is an image of a magnetization versus applied field curve typically
abbreviated as M-H curve. Figure 13 shown below represents an idealized curve one
would obtain for a theoretical ferromagnetic material. The x-axis is the applied field H
measured in Oersteds. The y-axis is the magnetization of the material measured in emu/g.
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Figure 13: Ideal ferromagnetic M-H curve

Starting at the origin of the graph (0,0) there is no applied field and total
randomization of magnetic domain orientations (see above 2.2.1 Origins of domains)
resulting is a zero net magnetization. As an external field is applied the plot moves to the
right and up. The slope of an M-H curve as any given point is the differential
susceptibility of the material. Given by:

χ v=

M
H

(9)

Where M is magnetization, H is applied field and χv is the differential volume
susceptibility. This is the susceptibility a small amplitude low frequency ac field would
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see at a given dc field. It should be noted that in a complete treatment, susceptibility
should be a tensor as it is possible that magnetization occurs in a direction not aligned
with the applied field. As the strength of the magnetic field is increased, the slope begins
to approach zero. This is the result of the fact that nearly all spins are aligned with the
magnetic field so increasing the strength of the magnetic fields has no effect. The
magnetization at this point is called the saturation magnetization and is shown in figure
13 as MS from this point the field strength is reduced. In a ferromagnetic material the
curve will not trace back upon itself. This property is known as hysteresis since the
history of the sample determines its current behavior[5]. When the field is reduced back
to zero , a net magnetization remains. This is known as the remanence magnetization.
Shown in the graph as MR remanence is an important property of applied magnetics
because it determines how “strong” a magnet is. From here the field direction is reversed,
reducing the magnetization eventually back to zero. The field at which the magnetization
goes back to zero in known as the coercivity of the material shown in the graph as HC.
The coercivity can be thought of as how difficult the material is to demagnetize. In a
typical ferromagnet, the bottom half of the curve is identical to the top half. If the
material is brought from saturation to saturation the curve never returns to the initial
curve.
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4.4.2 Magnetization versus temperature

4.4.2.1 M-H Loops versus temperature

The various properties of a magnetic material that can be determined by an M-H
curve have temperature dependance. An important material property for ferromagnets is
the curie temperature. The curie temperature represents a first order transition from
ferromagnetic to paramagnetic. At this temperature the ordering length goes to infinity
and is seen as the susceptibility diverging to infinity for low fields. The coercivity of the
material goes to zero[5]. Zero coercivity would also imply zero remanence. This
transition to a paramagnet is easily seen in a family of M-H curves taken at different
temperatures There is an analogous temperature for superparamagnetic particles called
the blocking temperature. Below the blocking temperature the particles show nonzero
coercivity and above the blocking temperature they act similar to a paramagnet with a
large moment.

4.4.2.2 ZFC-FC curves

Field-cooled (FC) and zero-field cooled (ZFC) magnetization curves are
extremely useful for studying magnetic nanoparticles systems. Figure 14 shows typical
FC and ZFC curves for a superparamagnetic system. These are really two separate
measurements that when studied together give valuable information about a system. The
field cooled curve is taken by cooling the sample from above its paramagnetic or
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superparamagnetic temperature to a very low temperature, such as 10K, while in the
presence of a small DC magnetic field, like 100Oe. The 100Oe field is maintained and
the magnetization of the sample is measured while it is slowly heated back to room
temperature (300K).

Figure 14: Example ZFC and FC curves of well isolated FePt
[34]
The zero-field-cooled curve is taken by applying no field to the material while it
is above its paramagnetic or superparamagnetic transition temperature. The sample is
cooled to low temperature, such as 10K, while no field is applied. Then a small field such
as 100Oe is applied and the magnetization of the sample is measured while it is brought
back to room temperature, 300K. In order for the curves to be useful as a pair they must
be measured with the same field strength. When the two graphs are plotted on top of each
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other there is a temperature at which they merge. This temperature is known as the
irreversibility temperature.
The temperature at which the peak magnetization in the ZFC graph occurs is the
blocking temperature (Tb). At this point the thermal energy (kBT) overcomes the
anisotropy barrier. At any temperature above this, the thermal energy decreases the
magnetization by randomizing the spin orientations. This leads to a familiar Curie-Weiss
law behavior where TC is normally the Curie temperature.

M∝

1
T −T C

(10)

4.5 Transverse susceptibility
Transverse susceptibility (TS) is the method frequently used in our lab as a means
to carefully study the anisotropy of a magnetic sample. This method is useful because it
directly measures the effective anisotropy fields and thus enables one to extract the
anisotropy constant of a material and to be studied at as a function of temperature. The
concept of reversible TS was first studied theoretically in detail by Aharoni et al. in 1957
[35]. In this work, the expression for the TS was analytically derived for a single domain
particle based on the Stoner-Wolfarth model. In this technique, both the DC magnetic
field HDC and a small transverse perturbing AC field HAC from kHz into the M-Hz range
are applied. When plotted as a function of applied magnetic field (ΔχT/χ vs H), sharp
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peaks are observed at ±HK, which correspond to the anisotropy fields. The anisotropy
constant can be extracted from equation 11:
H K=

2K
MS

(11)

Where MS is the saturation magnetization. These peaks are highly sensitive to
magnetocrystalline nature, particle size, and shape distribution, as well as surface
environment around particles, interparticle interactions, and sample temperature.
The TS method uses the change in frequency of a self-resonant (typically in range
12 – 20 M-Hz) LC circuit due to the magnetization of the sample, which is placed inside
the inductor. The inductor is placed into our Quantum Design PPMS where the
temperature can be varied from 2 K to 300 K and the magnetic field can be swept from -7
Tesla to 7 Tesla, although the fields rarely have to be brought higher than +- 3 Tesla.
Measurements with respect to applied DC magnetic field yield singular peaks associated
with the magnetic anisotropy and switching fields of the sample [36].
Our group has had success in measuring the magnetic anisotropy in a number of
systems including coated nanoparticles [37], nanoparticle arrays [38], and core-shell
nanoparticle systems [39]. Recently, we have discovered that TS can also probe the spin
dynamics of exchange coupled systems [40] and provide a wealth of information that is
not gleaned from traditional magnetic measurements such as field cooled M-H
measurements.
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4.6 Conclusions
The characterization techniques discussed span a range of categories. XRD gives
structural information about a crystal. Size and shape of the nanoparticles can be reliably
determined from TEM measurements. SEM measurements give excellent surface
topology information, but with limited resolutions. Using the PPMS we can study the
magnetic properties of the particles as a function of a wide variety of field strengths and
temperatures. Transverse susceptibility using a resonant tunneling diode oscillator allows
us to directly look at the anisotropy of the material.
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5 CHAPTER 5: POLYMER NANOCOMPOSITES
This chapter is primarily a presentation of work done by Jessica Wilson in
completion of her master’s thesis in the Functional Materials Laboratory. My work in this
regard was a continuation of her investigation with the goal of successfully producing a
homogenous composite of superparamagnetic participles in a polymer thin film. The
results of my work is present in chapter 6.

5.1 Motivation
It is of interest to have a structure with both controllable electric and magnetic
properties. Some attempts at dispersing the magnetic nanoparticles in polypyrrole using
similar techniques as with the PMMA and polystyrene (PS) were unsuccessful. The
nanoparticles did not stay uniformly dispersed. In addition to poor dispersion, the
presence of the nanoparticles significantly decreased the conductivity of the final
polypyrrole film. The formed film also had poor adhesion to the silicon substrate and
showed significant surface cracking. It is believed that severe phase separation likely
caused the mechanical failure of the film, as well as the significant loss of conductivity.
Although it is possible that an appropriate choice of surfactant on the nanoparticle could
resolve the clustering and loss of conductivity, it was decided that a bilayer structure
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would be a simple, effective way to maintain the conductivity and adhesion of the PPy
film, as well as to gain the magnetic control desired.

5.1.1 Synthesis
One of the synthesis methods involved a novel technique of sonication induced
polymerization of the liquid monomer in the presence of the particles. This method was
developed by Dr. Julie Harmon et. al of the University of South Florida (USF) Chemistry
department [41].The thought was that the constant sonication would induce
polymerization while actively keeping the nanoparticles separated. This would cause the
particles to progressively become less and less mobile and eventually become frozen in
place in a random and separated fashion.
The second method was a melt blending technique using a twin screw extruder.
The polymer is heated to a temperature while a large sheer stress is applied to the
polymer by a pair of screw mixers [42]. The nanoparticles are introduced and allowed to
mix in the polymer matrix. This technique is used to mix polymers with other polymers
and is also used a method to mix filler agents into polymers.

5.1.2 Characterization
Figure 15 shows the zero field cooled and field cooled data for a sample of
magnetite nanoparticles. They can be seen to display a transition to superparamagnetism
around 50 K. A sample taken from the same batch was dispersed in melted wax and
allowed to harden. Wax does not produce the same degree of steric forces as is produced
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in a polymer so the curve has almost exactly the same properties of the unmixed
nanoparticles. However, it can be seen from figure 17 that the magnetic properties of the
nanoparticles have changed as a result being added to the polymer. This is due to steric
forces in the polymer causing the particles to agglomerate. Once the particles have
agglomerated they make tiny bonds forming larger structures, and magnetic exchange
bridges are formed by them. This causes the particles to act as an effectively larger
magnetic structure and the magnetic properties will no longer resemble the original
isolated nanoparticles.
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Figure 15: ZFC-FC curve for as made nanoparticles
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Figure 16: SEM of MZFO in polypyrrole

Figure 17: ZFC-FC curve after being added to the polymer
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5.2 Conclusions and challenging issues
The nanoparticles were dispersed into the polymer and, to the eye, looked
homogeneous, however, the magnetic data suggested differently. The changes in the
magnetic data would suggest that the particles have in fact agglomerated, and to some
degree formed chemical connections between particles leading to exchange bridges. This
is undesirable for several reasons. The most obvious of which is the loss of the desirable
magnetic properties of the nanoparticles. Secondarily, poor dispersion of a filler in a
polymer causes mechanical weakness and leads to early faulting [43].The challenge is to
disperse a material whose surface area to volume ratio is extremely large. This is
challenging because this large surface area will cause even small surface energies to lead
to agglomeration.
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6 CHAPTER 6: POLYMER NANOPARTICLE
COMPOSITES
This part of the project was an expansion of previous master’s work by Jessica
Wilson who graduated with a Master's degree from the Functional Materials Laboratory.
She tried several different methods of incorporating the particles into polymers but was
not able to maintain the superparamagnetic character of the particles[44]. It was my
objective to understand why and solve this problem.

6.1 Surface energy arguments
Molecular-dynamics (MD) simulations have been used with great success to
investigate the dispersion of nanoparticles in polymers [45] [46]. They have shown that
the problem is essentially a surface energy problem. When the polymer–polymer
interaction strength is greater than the polymer–particle interaction strength, the system’s
potential energy is lowered by the clumping of the particles. This decreases the number of
heterogeneous surfaces. In the extreme case the lowest energy would be obtained if all of
the particles were pushed into one single massive spherical cluster. If the interaction
between the particles and the polymer is increased, the particles will then disperse
throughout the polymer, trying to increase the amount of heterogeneous surface area,
lowering the potential in this case.
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Figure 18: Molecular dynamics simulations demonstrating surface energy effects

[45]
Figure 18 is a plot generated by the molecular dynamic simulations. The x-axis is
a parameter representing the particle monomer interaction strength. In figure 18a the yaxis is the particle-particle potential energy. At some critical interaction strength the
potential energy of the particle-particle system goes up. This represents the separating of
the particles from each other. Even though the potential energy of the particle-particle
system goes up, the overall system energy goes down. Figure 18b shows the specific heat
of the system. The cusp of this curve more precisely shows the cross over point. The
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result of these simulations clearly shows that controlling the interaction strength and
surface energies is crucial to achieving particle dispersion. This type of surface energy
minimization behavior is the same physics that leads to complex structures forming in
solutions involving surfactants. In those cases the asymmetric nature of the molecules
leads to complex structures such as micelles, reverse micelles, vesicles and bi-layers, as
discussed above in section 3.1.1 Self assembled structures of interest, instead of simply
forming massive agglomerations.

6.2 Particles
6.2.1 Synthesis of Fe3O4 nanoparticles
The particles for the polymer nanocomposites were made using the procedure
outlined in section 3.2 Chemical coprecipitation. The characterization of the particles is
shown in section 6.2.3 Characterization.

6.2.2 Role of oleic acid on surface energy
To achieve better dispersion than past attempts, the surface properties of the
nanoparticles needed to be altered in accordance with the surface energy arguments given
above in 6.1 Surface energy arguments. The particles already have an oleic acid surface
coating if made with the method outlined above in 3.2 Chemical coprecipitation. The
oleic acid surfactant coating on the particles changes its surface properties so that the
interaction with the polymer is increased. Either an attractive or repulsive interaction can
play a role in affecting the diffusion coefficient of the nanoparticles, as discussed in a
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paper by Desai, et al. [46]. Dissipative particle dynamics (DPD) simulations of PMMA
mixed with oleic acid have shown that the oleic acid will tend to form separate phases.
Depending on the concentration of oleic acid to PMMA, the structures vary from isolates,
clusters, columns, to layers of sheets. The same DPD simulations show that inclusion of a
nanoparticles cause the nanoparticle to move to the center of the oleic acid regions. In the
case of isolated clusters, this means that the particles will separate from each other and
mix homogeneously through out the PMMA[47].

6.2.3 Characterization
Figure 19 shows a TEM image of the as synthesized particles. The average
diameter of the particles is 15nm. The ZFC-FC data is shown below in figure 20A. As
discussed in the section 4.4.2.2 ZFC-FC curves , the peak of the ZFC curve indicates that
superparamagnetism starts at approximately 230 K. The 300K (room temperature) and
10K M-H curves are presented in figure 20B clearly shows the lack of coercivity at 300K
indicating superparamagnetism. The opening up of the interior of the M-H curve at 10K
shows the presence of coercivity, and hence the blocking of superparamagnetism, at the
measurement timescales.
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Figure 19: TEM image of Fe3O4 nanoparticles
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Figure 20: ZFC-FC curve (A) and M-H curves for as made particles

6.3 Making bilayers of PMMA and polypyrrole
When making this bilayer system it was determined best to make the bottom layer
the layer with magnetic nanoparticles imbedded it. This was largely due to the difficulty
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of getting the PPy monomer to evenly wet to the silicon. The PPy would then be the top
layer. Particles were successfully dispersed in both PMMA and polystyrene (PS) so each
was tried as the bottom layer, however, the pyrrole monomer did not wet well to the
polystyrene composite films. This made it virtually impossible to spin coat a film of
pyrrole monomer. The experiment was tried again with clean PS with no particles added
and the pyrrole monomer still would not wet well and therefore would not make a film
when spun. Attempts at using a surfactant to help with the wetting were completed with
mixed results. When the experiment was attempted with PMMA, the pyrrole wet well and
made a nearly uniform film. These films could then be polymerized into a smooth film of
p-type doped polypyrrole.
It was also discovered that if the PS was still desirable as the under-layer, that it
could be coated onto the silicon substrate then a thin layer of PMMA could then be
coated with good wetting and adhesion, then the final top layer of PPy could be added. As
there seemed to be no obvious advantage to a PS film over a PMMA film, attempts at
improving upon them were abandoned and further research was focused on PMMA films.

6.3.1 Polypyrrole properties and synthesis
An interesting class of polymers is the conductive polymers. There has been a lot
of research into these types of polymers, from basic solid state physics to actual device
manufacture. Example devices are a fast reversible microwave mirror made from
polyaniline and a quick charge quick discharge battery [48] [49].
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By having chains of carbon ring structures, the polymer possesses a framework of
alternating single and double bonds. The single bonds are σ-bonds and the double bonds
contain σ-bonds and π-bonds. It is the out of plane orbitals overlapping with the
neighboring out of plane orbitals which produce the π-bonds. The overlapping of the out
of plane orbitals actually goes the entire length of the molecule creating delocalized
bonds. This creates a local band structure similar to silicon. These types of polymers are
often referred to as conjugated polymers. Polypyrrole is not a true conductor; it is a semi
conductor with low band gap energy. Most of the conductivity is the result of phonon
assisted hoping. In its un-doped and un-oxidized state it has relatively low electron
mobility, however, the addition of an oxidizer will increase the conductivity dramatically.
When this is done to polypyrrole it produces a p-doped material.
P-doped polymers specifically have been the focus of many studies because they
have wide application potential. They have been studied as electrochromic devices,
rechargeable batteries, capacitors, membranes, charge dissipation, electric actuators, and
electromagnetic shielding. There have been considerably less studies of n-doped polymer
materials [50] [51] [52] [53].

Figure 21: Polypyrrole

[54]
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To make polypyrrole (PPy) thin films, silver nitrate was added to the pyrrole
monomer (Sigma Aldrich) in a 1:8 molar ratio, which is 0.317 times the mass of the
pyrrole monomer. Then, Cyracure photoinitiator (0.3% by mass; Dow) was added to the
mixture. The mixture was stirred and sonicated until all the silver nitrate was dissolved.
This solution was then spin-coated on to the PMMA layer at 500 RPM. The pyrrole
monomer has a very low viscosity, so it produces a very thin film, typically less than 1
micron. The film was then photo-polymerized by placing it under a UV lamp for 3 hours,
which resulted in a black coating. Cross-sectional SEM and TEM images were obtained
on the spin-coated bilayers to view the nanoparticles embedded inside the polymer layer.
The silver nitrate was added to oxidize. This also simultaneously doped the
polymer. The addition of silver nitrate greatly increased the conductivity of the polymer.
Some of the silver from the silver nitrate forms silver precipitates. This result in silver
particles which can be clearly seen in the SEM image as bright objects in the PPy layer.
This is known and is a mentioned result in the patent for this process [55]. The silver
particles are few tens of nanometers. They do not adversely effect the conductivity of the
polymer, in fact their presence may even help to somewhat increase the conductivity
based on simple mixing laws.

6.3.2 Synthesizing bilayers
To make the PMMA thin films, PMMA (5% by weight) was added to
chlorobenzene and vigorously stirred for several hours, until it was completely dissolved.
The magnetite nanoparticles coated with oleic acid in powder form were added to this
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solution and sonicated to facilitate uniform dispersion. The solution was spin-coated onto
substrates at 4000 RPM for 60 seconds, which gave a film about 2 μm thick. As the focus
was electromagnetic applications, we primarily limited our studies to films on Si
substrates. While it is possible to obtain very thin films with spin coating, this was not a
desired objective. RF and microwave applications typically require films thicker than a
wavelength.

6.3.3 Characterization of the bilayer

6.3.3.1 Cross sectional SEM

To determine thickness of the layers, the bilayer on silicon was carefully scribed
and broken. After a thin gold coating was applied as described in 4.2 Scanning electron
microscopy , the sample was mounted nearly vertical for an edge on view. The image
below is the result. The top layer shows the rough PPy layer approximately 1 micron
thick. The large white objects in the top PPy layer are the silver inclusions mentioned in
section 6.3.1Polypyrrole properties and synthesis.
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Figure 22: Cross sectional SEM of bilayer

6.3.3.2 Cross sectional TEM

The cross-sectional TEM image, figure 23, of a sample film clearly shows the
fairly uniform dispersion of the magnetite nanoparticles with in the PMMA layer. The
oleic acid can also act as a buffer between the magnetic particles in the event that they do
physically touch, there will still be no magnetic exchange coupling possible between
them. This leads to the nanoparticles having only a weak dipolar interaction maintaining
a superparamagnetic response of the individual particles. In the top PPy film layer, are
several silver inclusions that were also seen in SEM images.
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Figure 23:Cross sectional TEM of PMMA composite / PPy bilayer.

6.3.3.3 Magnetic data showing superparamagnetism

Static magnetic properties were measured using the PPMS over a broad range of
temperatures and magnetic fields. Magnetic characterization mainly consisted of the
temperature dependence of ZFC and FC susceptibility and M–H hysteresis loop
measurements. For this purpose, the bilayer samples were loaded in a standard, non-
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magnetic gelatin capsule. FC and ZFC measurements were done from 10 to 300 K at an
applied field of 100 Oe.

Figure 24: Magnetic measurements of bilayer

ZFC – FC curves of the bilayers were taken using the same methods discussed in
section 4.4.2.2 ZFC-FC curves . Figure 24a shows the ZFC – FC curves for the polymer
bilayer. When compared to the as made particles in figure 24A, they have roughly the
same shape indicating that the placement into the polymer has not greatly effected their
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magnetic properties. The ZFC – FC curve demonstrates a blocking temperature of
roughly 230 K. The M-H curve presented in figure 24b, shows that the particles still have
zero coercivity at room temperature. It should be noted that since the films are thin, there
is a noticeable diamagnetic signature at high field from the silicon substrate. The
matching of the ZFC, FC and M-H curves confirms the TEM images and shows that the
particles have remained magnetically isolated and have maintained their
superparamagnetism.

6.3.3.4 Set up and calculation of AC conductivity

The complex impedance was measured using a Hewlett Packard HP 4192A LF
impedance analyzer. The complex impedance was measured across the frequency range
of 10-106 Hz. Conductive silver was painted onto the film to form 4 electrodes. Figure 25
shows a schematic of the system.

Figure 25: Measurement geometry for impedance
AC conductivity was computed from the admittance by:
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σ '=Y '⋅

t
A

(12)

Where σ is the conductivity, Y’ is the real part of admittance, t is thickness of the
film, and A is the surface area of the film. Y’ was obtained from the complex impedance
by:

[

Y'=

Z'
( Z ' 2+Z ' ' 2 )

]

(13)

Where Z’ is the real part of impedance and Z’’ is the imaginary part of impedance.

6.3.3.5 Low frequency data

Looking at the graph we can see that the shape follows a general power law. The
Jonscher power law states that for a system of disordered solid the real conductivity will
be given by equation 14 [56].

[ ( )]

σ ' ( f )=σ (DC ) 1+

f
fp

n

(14)

Where σDC is the direct current conductivity, f is the applied frequency, fp is the
relaxation frequency, and n is an exponent which has to be less than 1. At frequencies less
than the relaxation, the real part of conductivity is independent of frequency and is
simply the direct current conductivity. The conductivity in this region is termed diffusive.
When the applied frequency is above fp, the conductivity increases with increasing
frequency following the power law. This frequency dependent region of conductivity is
termed subdiffusive and results in dispersion in the conductivity [57].
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Data taken on PMMA bilayer films with and without magnetite nanoparticles is
displayed in figure 26. The hollow circles and hollow triangles are the measured data, and
the solid lines are the parameter optimized fitted models of the above equation 14. From
the fit it seems that a single relaxation mechanism described by Jonscher power law is a
good description of these systems over the entire measured frequency range. The
exponents obtained from the optimized fit are 0.66 for the film with nanoparticles and
0.72 for the films without nanoparticles. The film with the nanoparticles has a smaller fp
than the film without the nanoparticles. This would indicate that the inclusion of the
particles leads to the onset of dispersion occurring at lower frequency.

Figure 26: Plot of conductivity vs frequency for bilayer
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6.4 Magnetic particle rings
An interesting structure was noticed in some of the TEMs. This occurred during
the series of experiments with spin speed and different concentrations of PMMA to
chlorobenzene, where thin films were made with high RPM’s and low PMMA to solvent
concentrations. When looking at these very thin films there appeared to be holes in the
film. This is reported in other literature with thin polymer films [58][59]. An interesting
observation was that in the polymer surrounding the hole there seemed to be quite a lack
of particles. They were instead concentrated on the boundary between the polymer and
the hole. This appears to be the result of particle mobility and surface energy
minimization.
Additional experiments were done to test repeatability and establish what degree
of size control could be obtained. The structures were reproducible, however, the size and
number of bubbles was not easily controlled. Figure 27 below shows a sample of one of
the rings. This is not an isolated event as there were many such rings on a film. Since this
was not the direction of my research and since ultra thin film were out of the scope of this
project, these features we not studied further. With further research this effect might be
able to be optimized and used to create rings of nanoparticles.
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Figure 27: Ring of nanoparticles around a hole in the polymer.

6.5 Conclusions
By altering the surface properties of the nanoparticles I was able to create
conditions in which they were able to be evenly dispersed into a PMMA matrix. This is
evident by both the cross-sectional TEM images and the magnetic data. The goal of
creating a polymer thin film composite with superparamagnetic properties was achieved.
In addition to creating this layer, a second layer of conducting polypyrrole was
successfully coated on top of the PMMA composite layer.
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7 CHAPTER 7: MAGNETOCALORIC EFFECT AND
MAGNETIC REFRIGERATION
Magnetic nanoparticles are of current interest for MCE because they exhibit
behavior very different from what is found in bulk systems. Magnetic nanoparticles with
size reduced below the single domain limit (~15 to 20 nm for iron oxide) can exhibit
superparamagnetism at room temperature and transition to a spin-glass like state at low
temperatures [60]. The effects of surface states also become extremely important because
the surface atoms become a substantial portion of the total atoms of nanoparticle systems.
Theoretical investigations suggest nanoparticle based systems could be useful for
magnetic refrigeration [61]. In addition to the improvement in magnetic properties, their
large surface area to volume ratio could help improve heat transfer.

7.1 Theory of MCE
The magneto-caloric effect (MCE) is a phenomenon which allows the conversion
of magnetic energy into thermal energy. This is due to the coupling of the magnetic
sublattice with the external applied field and is seen in all magnetic materials to some
extent. Since it is derived from the entropy change of the magnetic spin system, it can be
simply described by the thermodynamic relation in equation 15:
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Q=T ΔS

(15)

Where Q is the heat absorbed, ∆ S is the entropy change of the magnetic spin system
and T is temperature. The origin of the change in entropy is the alignment of the spins
induced by applying and removing the external magnetic field. Simply put, the
application of a magnetic field to a material causes it to heat up. Subsequent removal of
the magnetic field causes it to cool down.
Magnetocaloric effect (MCE) was originally discovered by Emil Warburg in iron
in 1881 [62].The effect was small, only a few mK. Little was done with this result until
nearly 50 years later when Peter Debye in 1926 and William Giauque in 1927,
independently suggested using the magnetocaloric effect to reach low temperatures[63].
In 1933 Giauque and MacDougall used the effect to reach temperatures below 1 K using
Gd2(SO)4 8H2O [64].
In 1997 Pecharsky and Gschneidner, Jr. discovered a material where the
magnetocaloric effect is significantly larger than previous materials. The material,
Gd5Si2Ge2, become the first in a new category of materials demonstrating “giant
magnetocaloric effect” [65].
MCE in conventional ferromagnets is the result of spin disorder-order transition
of the magnetic sublatice. The total entropy of a material can be thought of as a sum of
electronic entropy, lattice entropy, and magnetic entropy. While all three are functions of
both temperature and pressure, only the magnetic entropy is strongly a function of
applied field. However, the magnetic and electronic entropies can be coupled in systems

68

with localized 3d moments. In addition, the magnetic and lattice entropies can be strongly
coupled by Jahn-Tell distortions [66] and crystalline electric field effects.
The MCE is typically largest near the paramagnetic to ferromagnetic transition
associated with the Curie temperature (Tc) accompanied by a structural change, as a result
of it being a first order transition. Typical entropy changes range in the 0.1 to 1 J/kg-K
using fields of 1 to 2 Tesla. In the giant MCE systems the transition is accompanied by a
meta-magnetic transition, and the strong coupling between the magnetic and structural
degrees of freedom cause an increase in the MCE by one to two orders magnitude
[67].These entropy changes are only large in a very narrow temperature range around the
Curie point.

7.2 MCE measurements
A series of measurements of M (H, T) can be taken to calculate the magnetic
entropy change. It has been theoretically predicted [61] that superparamagnetic
nanoparticles have the potential to exceed the performance of other commonly used
magnetic refrigerants, particularly at low fields (1 to 2 Tesla) generated by conventional
permanent magnets. The change in entropy is expected to be highest at the order-disorder
blocking transition (TB). As previously mentioned, the TB can be varied by adjusting the
particle size, shape, dispersion, and inter-particle interactions. Nanoparticles are not
expected to produce entropy changes on the order of bulk giant MCE materials, but are
advantageous due to their tunability in blocking temperate and relative ease of synthesis.
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7.2.1 Direct measurement
The most obvious way to determine a material's cooling potential is to directly
measure its temperature change when a field is applied. To directly measure the
temperature change the material would have to be thermally isolated from its
surrounding. The thermal isolation would ensure that the total system entropy remains
constant allowing adiabatic demagnetization. While the magnetic field is being changed
the temperature is measured.
ΔT adiabatic T  ΛH = T  S  H −T  S H S
F

I

(16)

HF is the final field and HI is the initial field which is typically zero. This adiabatic
temperature change directly characterize the cooling capacity of the material.

7.2.2 Magnetic measurement of entropy change
The ability to directly measure the temperature change of the sample under
adiabatic demagnetization was not available to me. There is a method to determine the
entropy change in the material solely based on magnetic measurement and
thermodynamic arguments via Maxwell's relation, this is what was used in this research.
In Maxwell's relation, the magnetic field is changed while the material is
thermally connected to a heat sink/reservoir and therefore remains at a constant
temperature. Isofield M-T curves can be obtained from the isothermal curves at various
magnetic field strengths. The isofield curves will be differentiated to obtain the change in
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magnetization over the change in temperature values and integrated over the field range.
The (ΔS )T curves can be generated using the above procedure.
The validity of this procedure can be understood by writing the entropy change
as:
ΔS M  T ΔH = S  T H −S T H T
F

(17)

I

Where ∆ S M (T ) ∆ H is conventionally called magnetic entropy change. The
magnetic entropy change of a material directly characterizes the refrigerant capacity, RC,
of the magnetic material.
T2

RC =−∫ ΔS M (T )ΔH dT

(18)

T1

To find the change in entropy from purely magnetic terms we can take one of the
differential Maxwell relations:

(∂∂HS ) =(∂∂MT )
T

(19)

H

And rewrite it as an integral as seen below in equation 20.
H2

HF

ΔS M  T ΔH =∫ dS M  T , H T =∫
H1

HI



∂M T , H 
∂T



dH

(20)

H

The major advantage of the indirect measurements is that they can be carried out
rather quickly (several hours), and thus can be used to evaluate the magnetocaloric
properties of the potential magnetic refrigerant materials in a simple screening process.
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Alternatively, the direct measurement route may take several days, as the heat capacity
measurement requires about a day to collect the data for a single fixed magnetic field.
An interesting side effect of this indirect measuring of the change in entropy is
that the plethora of intermediate M vs H vs T curves are also very useful for detailed
study of the magnetic material.
The differential in equation 20 requires a continuous expression of magnetization
as a function of temperature. Since we do not have this but instead we have discrete
measurement of magnetization as a function of magnetic field and temperature, the
differentials are replaced with differences between adjacent points. For similar arguments
the integral cannot be truly taken and a sum is used in its place. These steps yield
equation 21 seen below, which more accurately describes the calculation of change in
entropy.

ΔS (T i , H )=∑
j

(

M i+1 (T i+1 , H j )− M i (T i , H j )
T i +1−T i

)

H ,P

ΔH j

(21)

7.3 Magnetocaloric materials
The table below is a list of many of the current materials of interest. This table
was compiled by Dr. Manh-Huong Phan and Seong-Cho Yu, in the publication “Review
of the magnetocaloric effect in manganite materials” [67]. The table is provided for
reference purposes and to give an idea of what the current available magnitude of MCE.
The first column is the material composition the second column is the Curie temperature
of the system, the third column is the field strength under which the change in entropy
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was measured, the fourth column is the maximum change in entropy for the system, and
the fifth column is the refrigerant capacity of the material.
Table 1: Magnetocaloric effect in select materials
Composition

TC(K)

ΔH(T) -ΔSM(J/kgK)

RCP(S)(J/kg)

La0.925Na0.075MnO3

195

1

1.32

93

La0.90Na0.10MnO3

218

1

1.53

91

La0.898Na0.072Mn0.971O3

193

1

1.3

89

La0.880Na0.999Mn0.977O3

220

1

1.52

87

La0.835Na0.165MnO3

342

1

2.11

63

La0.834Na0.163MnO2.99

343

1

2.11

63

La0.80Na0.20MnO3

334

1

1.96

86

La0.799Na0.199MnO2.97

334

1

2

90

La0.893K0.078Mn0.965O3

230

1.5

1.25

195

La0.877K0.096Mn0.974O3

283

1.5

1.5

180

La0.813K0.160Mn0.987O3

338

1.5

2.1

128

La0.796K0.196Mn0.993O3

334

1.5

2.2

119

La0.95Ag0.05MnO3

214

1

1.1

44

La0.80Ag0.20MnO3

278

1

3.4

41

La0.80Ag0.20MnO3

300

1

2.4

32

La0.78Ag0.22MnO3

306

1

2.9

38

La0.75Ag0.25MnO3

306

1

1.52

45

La0.70Ag0.30MnO3

306

1

1.35

33

La0.80Ca0.20MnO3

230

1.5

5.5

72

La0.80Ca0.20MnO3

176

1.5

3.67

110

La0.75Ca0.25MnO3

224

1.5

4.7

99

(La–Na)MnO3

(La–K)MnO3

(La–Ag)MnO3

(La–Ca)MnO3
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Table 1 (cont.)
Composition

TC(K)

ΔH(T) -ΔSM(J/kgK)

RCP(S)(J/kg)

La0.70Ca0.30MnO3

256

1

1.38

41

La0.70Ca0.30MnO3

227

1

1.95

49

La0.54Ca0.32MnO3-8

272

0.9

2.9

31

La0.67Ca0.33MnO3

260

1.5

4.3

47

La0.67Ca0.33MnO3

259

3

2.6

114

La0.67Ca0.33MnO3

252

5

2.06

175

La0.67Ca0.33MnO3-8

260

1

5

35

La2/3Ca1/3MnO3

267

3

6.4

134

La0.60Ca0.40MnO3

263

3

5

135

La0.55Ca0.45MnO3

238

1.5

1.9

68

La0.87Sr0.13MnO3

197

5

5.8

232

La0.845Sr0.155MnO3

234

7

6.6

396

La0.845Sr0.155MnO3

310

1.35

1.72

61

La0.84Sr0.16MnO3

244

5

5.85

240

La0.88Sr0.120MnO3

152

7

6

372

La0.865Sr0.135MnO3

200

7

4.4

330

La0.845Sr0.155MnO3

235

7

6.7

670

La0.815Sr0.185MnO3

280

7

7.1

533

La0.800Sr0.200MnO3

305

7

7.9

395

La0.75Sr0.25MnO3

340

1.5

1.5

65

La0.65Sr0.35MnO3

305

1

2.12

106

La0.67Sr0.33MnO3

348

5

1.69

211

La2/3Sr1/3MnO3

370

1

1.5

41

La0.7Ba0.3MnO3

336

1

1.6

36

La0.67Ba0.33MnO3

292

5

1.48

161

La2/3Ba1/3MnO3

337

1

2.7

68

La2/3Ba1/3MnO2.98

312

1

2.6

65

(La–Sr)MnO3

(La–Ba)MnO3
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Table 1 (cont.)
Composition

TC(K)

ΔH(T) -ΔSM(J/kgK)

RCP(S)(J/kg)

La2/3Ba1/3MnO2.95

300

1

2.55

69

La2/3Ba1/3MnO2.92

275

1

1.8

90

La2/3Ba1/3MnO2.9

268

1

1.7

94

La0.8Cd0.2MnO3

155

1.35

1.01

32

La0.7Cda0.3MnO3

150

1.35

2.88

86

La0.9Pb0.1MnO3

235

1.35

0.65

—

La0.8Pb0.2MnO3

310

1.35

1.3

—

La0.7Pb0.3MnO3

358

1.35

1.53

53

La0.6Pb0.4MnO3

360

1.35

0.87

—

La0.5Pb0.5MnO3

355

1.35

0.81

31

La0.9Pb0.1MnO3

160

1.5

0.53

—

La0.8Pb0.2MnO3

294

1.5

1.22

92

La0.7Pb0.3MnO3

352

1.5

0.96

48

La0.75Ca0.125Sr0.125MnO3

282

1.5

1.5

108

La0.75Ca0.1Sr0.15MnO3

325

1.5

2.85

72

La0.75Ca0.075Sr0.175MnO3

330

1.5

2.8

70

La2/3(Ca0.95Sr0.05)1/3MnO3

275

1

3.26

71

La2/3(Ca0.85Sr0.15)1/3MnO3

287

1

2.15

52

La2/3(Ca0.75Sr0.25)1/3MnO3

300

1

1.8

54

La2/3(Ca0.50Sr0.50)1/3MnO3

337

1

1.7

38

La2/3(Ca0.25Sr0.75)1/3MnO3

366

1

1.65

37

La0.7Ca0.25Sr0.05MnO3

275

5

10.5

462

La0.7Ca0.20Sr0.10MnO3

308

5

7.45

374

La0.7Ca0.10Sr0.20MnO3

340

5

6.97

369

La0.7Ca0.05Sr0.25MnO3

341

5

6.86

364

La0.6Ca0.2Sr0.2MnO3

337

1

1.96

117

(La–Cd)MnO3

(La–Pb)MnO3

(La–Ca–Sr)MnO3
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Table 1 (cont.)
Composition

TC(K)

ΔH(T) -ΔSM(J/kgK)

RCP(S)(J/kg)

La0.7Ca0.18Ba0.12MnO3

298

1

1.85

45

La0.7Ca0.06Ba0.24MnO3

320

1

1.72

44

La2/3(Ca,Pb)1/3MnO3

290

7

7.5

375

La0.6Ca0.3Pb0.1MnO3

289

1.35

2.55

56

La0.7Ca0.2Pb0.1MnO3

295

1.35

2.53

45

La0.7Ca0.1Pb0.2MnO3

337

1.35

3.72

71

230

3

1.46

140

La0.62Bi0.05Ca0.33MnO3

248

1

3.5

53

La0.62Bi0.05Ca0.33MnO3

248

2

5.3

125

La0.65Nd0.05Ca0.30MnO3

247

1

1.68

47

La0.60Nd0.10Ca0.30MnO3

233

1

1.95

37

La0.55Nd0.15Ca0.30MnO3

224

1

2.15

56

La0.50Nd0.20Ca0.30MnO3

213

1

2.31

60

La0.65Nd0.05Ba0.3MnO3

325

1

1.57

24

La0.63Nd0.07Ba0.3MnO3

307

1

1.59

26

La0.6Nd0.1Ba0.3MnO3

285

1

1.85

27

La0.55Nd0.15Ba0.3MnO3

269

1

2.22

31

(La0.9Tb0.1)2/3Ca1/3MnO3

166

1.5

4.76

95

(La0.9Dy0.1)2/3Ca1/3MnO3

176

1.5

6.06

108

(La0.9Gd0.1)2/3Ca1/3MnO3

182

1.5

5.78

124

(La0.9Ce0.1)2/3Ca1/3MnO3

244

1.5

4.53

72

(La–Ca–Ba)MnO3

(La–Ca–Pb)MnO3

(La–Y–Ca)MnO3
La0.60Y0.07Ca0.33MnO3
(La–Bi–Ca)MnO3

(La–Nd–Ca)MnO3

(La–Nd–Ba)MnO3

(La–R–Ca)MnO3

(La–Sr–Ba)MnO3
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Table 1 (cont)
Composition

TC(K)

ΔH(T) -ΔSM(J/kgK)

RCP(S)(J/kg)

La0.6Sr0.2Ba0.2MnO3

354

1

2.26

67

42

3

0.6

55

(La–Ca)(Ti–Mn)O3
La0.65Ca0.35Ti0.4Mn0.6O3

7.4 Conclusion and challenging issues
The magnetocaloric effect shows great potential for niche applications in
refrigeration. The barrier to such uses is finding materials that have a large change in
entropy that can also be used across a wide temperature range. A system of materials with
an entropy peak that can be finely controlled with simple production changes would
allow for further use in said niche applications. This would theoretically allow for the
engineering of a device that is able to achieve a large temperature change but also over a
large range in temperatures. Ideally the material would be inexpensive to produce as well.
Understanding of how to control these parameters can lead to this result and contribute
greatly to the field.
Using the indirect method to measure MCE allows us to study some of the basic
physics that control MCE, and to study some potentially interesting nanoparticle systems.
In addition to being able to determine the change in entropy for the materials, the large
amount of data generated by the indirect method provides a deeper understanding of
exactly what changes in the magnetization lead to the shape and magnitude of the change
in entropy. This also gives us insight into how to control it.
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8 CHAPTER 8: EXPLORING THE MAGNETOCALORIC
EFFECT IN FERRITE NANOPARTICLE SYSTEMS
8.1 Introduction and motivation for the study of MCE in nanoparticles
While there are many promising materials for MCE with very high changes in
entropy, these peaks in entropy change are typically only useful for a very narrow band of
temperatures. Some examples include Pr0.68Ca0.32MnO3 at 24 J/Kg K [68], Gd5Si2Ge2 at
18.4 J/Kg K and even elemental Gd at 10.2 J/Kg K [69].As discussed above, they are
often associated with a paramagnetic to ferromagnetic transition with an associated lattice
distortion. It is not a trivial matter to change the Curie temperature of a material through
variations in chemical stoichiometry. However, in the case of magnetic nanoparticles, the
superparamagnetic blocking transition temperature has similar properties to the Curie
temperature. The benefit being that the blocking temperature can be easily tuned by the
particle size as discussed in section 2.2.3 Superparamagentic limit. It has also been shown
that by reducing the size to the single magnetic domain, magnetic entropy increases by
several orders of magnitude as compared to the entropy change in bulk materials [70].
This makes nanoparticles worthwhile to investigate for magnetic refrigeration.
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8.2

History of MCE in nanoparticles
In early 1990s, it was predicted that MCE could be enhanced in nanostructured

materials and coolers. This was based on the belief that these materials could have
desirable operating requirements, such as lower fields and higher temperatures [71].
McMichael et al. reported that change in entropy of a system of mono-disperse,
superparamagnetic particles is dependent merely on the moment size for given T, H, and
the total magnetization [72]. Tanaka et al. have reported that the magnetocaloric
efficiency decrease with variation in particle size distribution for a nanoparticle system.
This is the result of two competing effects. First, any moments smaller than the average
would lead to a partially ordered state because small moments are easily flipped by the
thermal activation energy. Second, any moments larger than the average would lead to a
decrease in the number of spins, and to a decrease in the number of states. Either case
would lead to a decrease in peak change in entropy[72].
Chen et al. used the Monte-Carlo technique to simulate the dynamics of
superparamagnetic nanocomposites with magnetic particles dispersed in a non-magnetic
matrix. The research showed that the entropy change of the composites were very
sensitive to the substrate temperature and chain formation. For a given dilution, the
entropy change was larger at lower temperatures [73].
Magnetic molecular clusters containing 3d transition metals such as Fe8 and Mn12
have also been suggested as promising materials for refrigeration, especially for
applications < 20K [74]. Provenzano et al. synthesized a series of R3(Ga1-xFex)5O12
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(R=Gd, Dy, Ho; 0<x<1) nanocomposites via chemical routes [75]. Magnetometry
measurements showed that when Gd was substituted by either Dy or Ho, the materials
was superparamagnetic, possessing fine magnetic clusters resulting in enhanced
magnetocaloric effects (ΔSm) when compared to the basic paramagnetic garnet (i.e. x = 0)
[75]. Shull has completed mean-field theory calculations for a system of isolated and
clustered magnetic spins which show that there are temperature and field regimes where
the entropy changes are larger when the spins are coupled together as nanoscale magnetic
particles[76]. The effect of progressive reduction of the annealing temperature on the
MCE of La2/3Ca1/3MnO3-x nanoparticles synthesized by sol-gel technique has been studied
for particle size ranging from 60 to 500nm[77].

8.3 Magnetocaloric effect in Fe3O4 nanoparticles
Fe3O4 was synthesized as described in section 3.2 Chemical coprecipitation.
Figure 28 is a TEM of the particles after synthesis. From study of the TEM images the
average particle size was established to be 11 nm with a standard deviation of 4 nm.

Figure 28: TEM image of Fe3O4 nanoparticles
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Figure 29 shows the XRD of a sample. The labeled peaks correspond to an
inverse spinel structure which is expected for Fe3O4. Measuring the width of the main
peak located roughly at 37 degrees gives a FWHM of roughly 0.75 degrees. Applying
equation 7, the Scherrer equation, the crystal size can be estimated as 16 nm which is in
good agreement with the estimate from TEM images.

Figure 29: XRD pattern for Fe3O4 nanoparticles
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Figure 30: Change in entropy Fe3O4
The ZFC-FC curves shown below in figure 31 indicate a transition to
superparamagnetism around 225 K. Figure 32 shows the M-H curves for this sample at
10 K and 300 K. Figure 33 is a zoom in of the origin clearly showing hysteresis at 10 K
and no hysteresis at 300 K. The lack of coercivity at 300 K confirms the sample is
superparamagnetic.

Figure 31: ZFC-FC curves for Fe3O4
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Figure 30 shows the change in entropy for a few select field strengths. There is no
maximum seen in this data set even though it goes up to 265 K and the blocking
temperature is estimated to be 225 K. The change in entropy is monotonically increasing
up to 265 K.
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Figure 32: M-H curve for Fe3O4
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Figure 33: M-H curve for Fe3O4 with origin zoomed
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8.4 Magnetocaloric effect in CoFe2O4 nanoparticles
Cobalt ferrite was synthesized using the method mentioned in section 3.3 Thermal
decomposition of organometalics. This technique allows control of the particle size. We
synthesized two samples. One with an average particle diameter of 5nm and one with an
average particle diameter of 8nm.
We first studied the 5nm particles. Figure 34 shows a TEM image of a sample of
the CoFe2O4 giving an average size of roughly 5nm. The particles appear dark on the
outside and light in the center as a result of the TEM being slightly out of focus. This
image, with several others, shows that the size dispersion of about +- 3 nm. Figure 35 is
the ZFC and FC curves. The ZFC curve reaches peak magnetization around 220K and the
on-set of irreversibility is around 350K.

Figure 34: TEM of CoFe204 5nm particles
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Figure 35: ZFC-FC curve for CoFe2O4 5nm particles
The change in entropy curves show a monotonically increasing trend toward
higher temperatures. This trend continues all the way up to 250 K while the ZFC curve

-dS (J/kgK)

.

shows a peak at 220 K.
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Figure 36: Change in entropy of CoFe2O4 5 nm
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Next we looked at the 8nm particles. Figure 37 is a TEM image of the particles.
From the TEM image and several others, they were determined to have 8 nm average size
with a size dispersion of +-4 nm. Figure 38 shows the FC curve for the sample. The ZFC
curve shows a peak at 270 K indicating the transition to superparamagnetism.

Figure 37: TEM of CoFe204 8 nm particles
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Figure 38: ZFC curve for 8 nm CoFe2O4
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Figure 39 is the change in entropy curve for 1 Tesla field, 2 Tesla, and 3 Tesla
field. No real peak is seen in the data but instead a slow trend of increasing change in
entropy with a possible shallow dip around 275. The general upward trend continues all
the way up to 340 K, which is significantly past the blocking temperature indicated by the
FC curve.

Figure 39: Change in entropy CoFe2O4 8 nm
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8.5 Magnetocaloric effect in MZFO nanoparticles
Monodisperse manganese zinc ferrite (MZFO) nanoparticles were synthesized by
using the reverse micelle method described in section 3.4 Reverse micelle synthesis.
These particles were extensively characterized for their size and crystalline phase using
Extended X-Ray absorption fine structure[78].
Figure 40 shows that the peak locations and amplitudes are consistent with the
ceramic standard. The broadening of the peaks as a result of the finite size of the particles
indicates their average size to be around 15 nm with a much narrower standard deviation
than in the case of the cobalt ferrite system. Removal of the surfactant and subsequent
annealing of nanoparticles are known to cause clustering and fusion of particles, which
usually results in broadening of the superparamagnetic blocking transition. Since one of
our goals was to retain the monodisperse nature and the associated sharp transition in this
case, we did not attempt to remove the surfactant.
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Figure 40: XRD results for MZFO compared to a ceramic standard

The ZFC-FC curves shown in figure 42 indicates a blocking temperature of
roughly 45 K. The change in entropy curves for low and high magnetic fields is shown in
figure 41. Even though the peak in the ZFC curve indicates a blocking temperature of 45
K, there is not a corresponding peak in the change in entropy curve. The curve appears to
reach a relatively constant change in entropy from 100 K - 300 K. This gives the material
a very broad operating temperature.
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Figure 41: Change in entropy for MZFO
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Figure 42: ZFC FC curve for MZFO
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8.6 Conclusions
The peaks in the change in entropy are not as sharp as the peak in the ZFC curve,
but are generally related to its location. This gives a mechanism by which the peak
efficiency of the magnetic material can be easily tuned. Changing the average size of the
nanoparticles with slight changes in the synthesis procedure is simple and cost effective.
The change in entropy vs temperature for all of the nanoparticle systems shows a much
broader peak than the ZFC curve. Both the Fe304 and CoFe2O4 systems were not
monodisperse and as a result some broadening of the change in entropy functions are to
be expected. The MZFO nanoparticles, however, have a narrow size distribution, but the
MZFO data still shows a broad peak in the change in entropy. This means that these
materials can be used for a very broad range in temperatures, however, it would be better
to have a larger change in entropy at the cost of a narrower operating temperature as we
can easily control the location of the peak operating temperature.
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9 CHAPTER 9: ROLE OF SURFACE SPIN DISORDER IN
MCE
9.1 Co and Co-Ag core shell system
Cobalt nanoparticles and cobalt-core silver-shell nanoparticles were synthesized
using the method discussed in 3.5 Method for the synthesis of core shell nanoparticles.
This system offers a chance to look at what role a non magnetic shell can have on the
magnetic properties of a ferromagnet.

Figure 43: TEM of Co nanoparticles

92

The cobalt nanoparticles above do not yet have the silver shell and are simply
coated with a surfactant layer. The size of the particles estimated from TEM images, like
figure 43, indicate the average size to be 50 nm. The ZFC FC curves in Figure 44 look
like a standard set of curves for a ferromagnetic nanoparticle system transitioning with
temperature to superparamagnetism, except for the anomaly below 25 K. The blocking
temperature estimated from the ZFC curve is 135 K and irreversibility at approximately
215.

Figure 44: ZFC FC curves for Co nanoparticles

The low temperature anomaly is located at approximately 16 K and is seen in both
the ZFC and FC curve. This low temperature peak in the ZFC does not fit in with the
standard superparamagnetic particle description. The explanation of this effect is surface
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anisotropy. As discussed in section 2.2.4 Anisotropy and changes at nano level, the
surface atoms have different electronic structure and therefore different magnetic
properties. Other research has shown that the surface of a magnetic nanoparticle forms
shell of spins, with an anisotropy term that is caused by being on the surface which tends
to align them perpendicular to the surface. These surface spins undergo a ferromagnetic
to paramagnetic like transition at some critical temperature unrelated to the core's
blocking temperature. This behavior is analogous to a spin glass. This leads to a second
low temperature transition where the magnetization has a sharp increase [79][80]. A
systematic study of the spin glass behavior of these particles is presented elsewhere [81].

Figure 45: M-H loops for CO nanoparticles
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A few selected M-H curves are shown in figure 45. The 150 K and 300 K loops
saturate at low field strength. The 20 K and 2 K loop never saturate. The inset in figure
45 shows a plot of coercivity vs temperature.
The series of M-H quarter loops are shown in figure 46. The magnetization versus
temperature curves derived from these are plotted in figure 47. The immediate striking
feature of this plot is the low temperature rise in magnetization similar to that seen in the
FC curves.

Figure 46: Co M-H curves
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Figure 47: M-T for Co
The change in entropy is calculated from this series of curves and plotted in figure
48. The graph shows a dominant peak at low temperatures. The lack of any other peaks in
the change in entropy data suggests that this low temperature transition is at least many
factors larger than any possible change in entropy from the superparamagnetic transition
expected to be at ~135 K.
These cobalt nanoparticles were the starting point for the next experiment. The
transmetallation process discussed in 3.5 Method for the synthesis of core shell
nanoparticles was used to put a silver shell on the nanoparticles. The representative TEM
image is shown in figure 49. The size of the core has been reduced to 40 nm with the
addition of a shell of silver approximately 28 nm thick. The ZFC FC curves shown in
figure 50 shows an even stronger low temperature anomaly, with the rest of the curve
resembling a standard ferromagnetic to superparamagnetic transition.
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Figure 48: Change in entropy curve for Co

Figure 49: TEM of Co core Ag shell nanoparticles
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Figure 50: ZFC FC curves for Co Ag shell

Figure 51: M-H loops for Co Ag
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Looking at a few select M-H loops in figure 51 we can seen that the 2K and 10 K
loops do not saturate even up to the 3 Tesla field. The 300 K loop shows a sharp increase
of magnetization at low field with a weak paramagnetic behavior for increasing fields.
The complete set of M-H quarter loops is seen in figure 52 from which the M-T
curves are derived. The M-T curves are shown in figure 53. Like the bare cobalt
nanoparticles, the M-T curves show a sharp rise in magnetization as temperature
decrease. This increase is larger but also a bit broader. It is similar to the shape seen in the
FC curve.

Figure 52: M-H curves for Co Ag
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Figure 53: M-T Co Ag

The change in entropy in figure 54 shows a large peak at 11 K. This peak is
similar to the peak seen in the bare particle data but slightly higher peak.
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Figure 54: Change in entropy for Co Ag

9.2 NiFe2O4
Nickel ferrite nanoparticles were synthesized using the method in section 3.3
Thermal decomposition of organometalics. A representative TEM image is seen in figure
55. From a series of TEM images the particles were determined to have a size range of 612 nm.
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Figure 55: TEM image of NiFe2O4

Figure 56: XRD of of NiFe2O4

Figure 56 is the XRD pattern for the sample. The XRD pattern matches well with
the expected pattern for NiFe2O4 inverse spinel. The ZFC and FC curves are shown in
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figure 57. The peak of the ZFC curve indicates a blocking temperature of around 120 K,
and irreversibility setting in at around 140 K. Both the ZFC and FC curve are smooth and
featureless otherwise. Figure 58 shows two full sweep M-H curves, one at 2 K and one at
300 K. The insert in figure 58 shows the origin zoomed in, showing the opening of the 2
K loop.

Figure 57: ZFC-FC curve for NiFe2O4
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Figure 58: M-H curve for NiFe2O4

To measure the change in entropy for this system, M-H curves were measured
over a field range of 0.5 to 5 T and temperature range of 5 to 90 K at 5 K intervals.
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The change in entropy was numerically calculated using the method discussed in
section 7.2.2 Magnetic measurement of entropy change. Figure 59 shows the change in
entropy as a function of temperature for several field strengths. There is an unexpected
feature centered around 55 K. The change in entropy for all field strengths goes to zero at
40 K and is then peaks negative. It then peaks positive and reduces from there. This
feature does not follow that shape expected for a standard magnetic nanoparticle.
To examine to origins of this feature in the data it is instructive to look at the
family of M-T curves which generated the results. Figure 60 shows this family of M-T
for several fields.

Figure 59: Change in entropy for NiFe2O4
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For the low fields, the magnetization as a function of temperature appears to be
relatively flat. However, at high fields a feature starts to show up around 55 K. The
higher the field, the more pronounced the feature becomes. Note that the ZFC-FC data at
100 Oe have no trace of this feature which correlates with the fact that is not seen at the
lower field strengths in the M-T data. It is notable that the overall change in entropy at
this point is larger than that of other nanoparticle ferrites we have studied [31]. Others
have reported results similar to our past results on nanoparticles systems [82][83].
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Figure 60: M-T NiFe2O4
This anomalous feature in the magnetization data and correspondingly in the
MCE data is at a temperature which is much lower than the blocking temperature of
~120K. It is likely due to surface spin disorder. This would make the particles effectively
core-shell systems with distinct NiFe2O4 cores and spin glass shells. The field-dependent
nature of this transition indicates that it is associated with spin-reorientation, analogous to
meta-magnetic transitions observed in giant MCE materials. The negative to positive
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jump in ∆S can also be understood in this framework as the preferred order in the
spinglass can resemble an antiferromagnet, whereas NiFe2O4 is ferromagnetic, a similar
result has been seen in the literature [84].
To cross examine and to better understand this result we employed a transverse
susceptibility technique described in 4.5 Transverse susceptibility. Figure 61 shows the
field-dependent TS data for a sample of nickel ferrite at fixed temperatures from 10 to
300 K.

Figure 61: NiFe2O4 TS results
The largest change in field-dependent TS (the ratio of the signal at zero field to
that at saturation) indeed occurs for temperatures in the vicinity of the blocking
temperature. The broadening of the TS curves at low temperature as well as the decrease
in percent change is the result of the random freezing of spins. This results in a spinglass-like state. Figure 62 shows a plot of anisotropy fields extracted from the TS curves
versus temperature. The figure shows a distinct change in slope around 50 to 55 K which
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further confirms the presence of the spin reorientation transition seen in the high field MT and MCE data.
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Figure 62: NiFe2O4 Anisotropy field vs temperature using TDO

Figure 63 is a plot of the 5 Tesla field cooled magnetization curve. This also
shows the anomaly at low temperatures.
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Figure 63: Nife2O4 5 Tesla FC magnetization

9.3 Ball milled ZnFe2O4
Zinc ferrite is an interesting system to study because in its bulk form it has the
spinel crystal structure. The Zn ions are in the tetrahedral sites and the Fe ions are in the
octahedral sites. This results in a negative exchange coupling constant which makes it
antiferromagnetic. The Neel temperature of the bulk material is around 10 K [85]. Ball
milled zinc ferrite has been shown to have significant disorder on its surface. This causes
some of the ions to change places to the inverse spinel structure, resulting in a
nonequilibrium state where the core is antiferromagnetic surrounded by a shell of
disordered ferromagnetic material [86] [87]. Mössbauer studies have confirmed this
model. [88][89].
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Figure 64: SEM of ZnFe2O4 powder from ceramic
Zinc ferrite was produced by the method described in section 3.6 Ball milling of
the Zinc ferrite. The materials were characterized by XRD and SEM. Figure 64 is an
SEM of the powder before any milling. The image shows particles with roughly 1 micron
diameter. Notice that the surfaces of the particles appear to be fairly smooth and even.
Figure 65 shows the XRD results from the powder as received. The sharpness of
the peaks indicates an average crystal size of 200 nm. Since the SEM shows a particle
that is 1000 nm in diameter, we can conclude that it is slightly polycrystalline.
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Figure 65: XRD ZnFe2O4 ceramic powder
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Figure 66: Dry ball-milled ZnFe2O4
The first run was 72 hours of dry ball-milling. Figure 66 shows an SEM image of
the material after ball-milling. It can be seen that the sample particles are mostly 100 nm
to 500 nm in size although particles as small as 50 nm and as large as 5 microns can be
seen. The larger particle in the SEM image appears to be an agglomerate made by the refusion process of smaller particles. Notice that the surface on the large prominent particle
up front is rough and bumpy. This kind of re-fusion and the distribution in particle size
seen in the SEM image is typical of high-energy ball milling process [90][79][80][91].

112

Figure 67: XRD ZnFe2O4 dry ball-milled 72 hour
Figure 67 is an XRD image of the dry ball-milled sample. The average crystal size
estimated form the XRD is 14 nm. This small size compared to the size of the particles
seen in the SEM supports the theory that the larger particles are actually many smaller
particles fused together during the ball-milling process. The SEM image of the wet milled
particles in figure 68 looks very different from the dry ball-milled sample. The particles
appear to be more uniform in size and there are not micron sized agglomerates. Particle
size estimates from the SEM image give 50 nm to 200 nm range. The exact mechanism is
not understood, but some how the presence of water during the milling process appears to
partially interfere with the refusion process, resulting in smaller equilibrium size for the
particles.
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Figure 68: Wet ball-milled ZnFe2O4
The XRD shown in figure 69 suggests an average crystal size of 10 nm. This is a
bit below the 14 nm for the dry ball-milled which suggests the water improves the
efficiency of the ball milling process of breaking down the crystals.
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Figure 69: XRD ZnFe2O4 wet ball-milled 72 H
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We now have 3 distinctly different samples to study. The crystallite size, as
determined by XRD, is quite different for the starting ceramic powers compared to either
of the ball-milled samples. However, the ball-milled samples have reasonably similar
crystallite size.The M-H curves for the non ball milled sample is shown in figure 70. The
data shows the material does not behave as a perfect paramagnet even at 300 K. The
curves do quickly saturates at a somewhat low field value. The saturation magnetization
is a fairly low values. This is expected since thermodynamically stable zinc ferrite is
antiferromagnetic. Figure 71 is the same curve with the origin zoomed in to show the
coercivity.

Figure 70: M-H curves ZnFe2O4 no ball-milling
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Figure 71:M-H curve ZnFe2O4 no ball-milling, origin zoom
The coercivity at 300 K is 85 Oe and the coercivity at 10 K is 50 Oe for the
provided ceramic powder. The coercivity being higher at a higher temperature is
suggestive of a compensation temperature which is a feature seen in ferromagnetic
materials. This suggests that even the starting powder has some degree of surface
disorder and possible cation inversion which would lead to the behavior seen in the M-H
curves.
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Figure 72: ZFC-FC curve for no ball milled
The ZFC and FC curves show for the as provided powdered ceramic sample are
shown in figure 72. They both show a peak around 100 K and begin to diverge from each
other around 70 K.
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Figure 73: M-H curves ZnFe2O4 (dry ball-milled 72 hour)

Figure 73 shows the M-H curve for the dry ball milled sample. Figure 74 is a
zoom in of the origin to show coercivity. The coercivity at 300 K is 0 Oe suggesting the
material is now superparamagnetic. The coercivity at 10 K appears to be shifted. The left
side coercivity is approximately 425 Oe and the right side is approximately 350 Oe for
dry ball-milled. This suggests exchange bias between antiferromagnet and ferromagnet or
a ferromagnet and a ferromagnet.
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Figure 74: M-H curve with origin zoomed in for ZnFe2O4 dry ball-milled
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Figure 75 is the ZFC FC curves for the dry ball-milled sample. The peak in the
ZFC curve is approximately at 150K. The FC curve shows a very broad dip at low
temperatures, with the peak magnetization occurring at about 130 K.
Figure 76 is the M-H curves for the wet ball-milled for 72 hour sample. Figure 77
is the zoomed curve showing the coercivity. The coercivity, for the wet ball-milled
sample, at 300 K is very small suggesting the material is superparamagnetic at room
temperature. The coercivity at 10 K is also very small for the wet ball-milled sample.
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Figure 77: M-H curve zoomed in wet ball-milled

The ZFC and FC curves are presented for the wet ball-milled sample in figure 78.
They show a sharp increase in magnetization at low temperatures similar in appearance to
those seen in the cobalt and cobalt silver core shell particles.

6
FC
ZFC

M (emu/g)

5
4
3
2
1

0

100

200

300

Temp (K)
Figure 78: ZFC-FC curves for wet ball milled
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Figure 79 is the M-T curves from which the change in entropy is derived for the
no ball-milled sample. The curves show a shallow slope which means the magnetization
is not strongly a function of temperature. Figure 80 shows the change in entropy for the
no ball milled sample. As expected from the M-T curves, and from the fact that this
sample is not strongly magnetic, the change in entropy is low for the as provided
powdered ceramic zinc ferrite.
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Figure 79: M-T curves for ZnFe2O4 no ball milling
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Figure 80: Change in entropy for ZnFe2O4 no ball-milling
Figure 81 shows the M-T curves for the dry ball milled zinc ferrite. This shows
significantly higher slopes than the no ball-milled material and as a result will give a
higher change in entropy. Figure 82 shows the change in entropy is fairly high. For low
temperatures the change in entropy is negative. This can be seen in the M-T data as a
positive slope at low temperatures. This is a result of the magnetization increasing with
temperature and the effect moves to lower temperatures with higher fields. This is
consistent with an antiferromagnetic to paramagnetic transition.
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S (J/kg*K)

0.01

0.00

-0.01

-0.02
0

100

200

300

Temp K
Figure 82: Change in entropy for ZnFe2O4 dry ball-milled

124

Figure 83 is the change in entropy curves for the wet ball-milled sample. The
change in entropy still shows a negative region below 25 K with all field strengths
crossing over at 25 K. It is higher than the ball-milled sample by more than a factor of 30
with a peak of 0.3 J/Kg*K. The change in entropy is quite broad with large values going
from 80 K to the maximum measurement temperature of 300 K.
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9.4

Conclusions
The cobalt nanoparticles show how surface spin disorder can alter the magnetic

propetes and enhance the MCE. The silver shell on the cobalt nanoparticles gives further
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evidence of the importance of the surface characteristics by further increasing the low
temperature feature in the MCE.
The nickle ferrite system demonostrates that MCE is a good probe of magnetic
dynamics of a system. The NiFe2O4 system showed a detectable anomaly in the change in
entropy curve which was not seen in the ZCF or FC curves. The negative to positive
cross over in the change in entropy is believed to be the result of a surface layer of spin
glass.
The ZnFe2O4 system is interesting because it shows that even starting with an
antiferromagnetic system, surface modification can create changes in the magnetic
properties resulting in a significant magnetocaloric effect with the wet ball-milled sample
have the largest.
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10 CHAPTER 10: CONCLUSIONS AND FUTURE WORK
10.1 Considerations
Miniaturization of the electronic devices used in space, military and consumer
applications requires cooling devices to be fabricated on a chip, for power efficient,
noise-free operations. Refrigeration based on the adiabatic-demagnetization has been
used for several decades for cooling to sub-kelvin temperatures. Superparamagnetic
particles also hold tremendous potential for possible use in these applications. We have
studied magnetocaloric effect (MCE) properties in chemically synthesized ferrite
nanoparticles over a broad range in temperature and magnetic fields. Nanoparticles
investigated include MnZnFe2O4 (average size = 15 nm, synthesized using reverse
micelle technique) and 2 samples of CoFe2O4 (average size 8 nm and 5 nm, synthesized
using pyrolectic technique). The magnetic entropy change was calculated by applying
Maxwell’s relations to magnetization vs magnetic field curves at various temperatures.
We have analyzed the ZFC-FC curves of these samples and have and are continuing to
investigate the relationships between the blocking temperature, the irreversibility
temperature, and the peak in the entropy change curves. Research in the area could help
in tailoring nanoparticle systems for specific temperatures of operation.
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